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In this thesis, we suggested multiscale 2D and 3D fabrication methods for tissue 
engineering applications. In detail, we utilized precisely fabricated nanopatterns through 
capillary force lithography (CFL) as a screening platform for determining effects of 
nanotopography on cellular behavior. In addition, to overcome the limitations of present 
electrospinning methods for adopting tissue engineering field, we have developed new 
methods based on rolling and stacking process of cell-seeded nanofibers for formation of 
cell-dense 3D engineered tissues in vitro. 
Extracellular matrix (ECM) is the nanofibrous environment surrounding cells 
which serve both mechanical and biochemical stimuli and the cells regulate their 
functions such as adhesion, proliferation, migration and differentiation by interaction with 
ECM. Multiscale fabrication methods for mimicking ECM environment in 2D/3D 
scaffold, therefore, have to be established first. For this aim, we developed nanopatterned 
2D platform by using UV-assisted capillary force lithography for investigating 
adipogenic differentiation affected by geometrical variables. We observed that the cell 
 ii
crawling into nanogrooves contributed substantially to an enhanced level of 
differentiation with higher contact guidance, suggesting that cell-to-surface interactions 
would play a role for the adipocyte differentiation.  
To form 3D cell-dense engineered tissue in vitro, further, electrospun nanofibers 
fabricated inclined gap method was used because fabricated nanofibers could be easily 
transferred to other substrates so that they could be adoptable for 3D fabrication processes 
such as rolling and stacking with the cells. First, we reported new 3D fabrication method 
based on rolling of cell-seeded scaffold. It was demonstrated that this hybrid fabrication 
could produce uniaxially aligned nanofiber scaffolds supported by a thin film, allowing 
for stable manipulation with aligned cellular morphology. In addition, we successfully 
formed a cylindrical 3D engineered tissue by rolling up the cell seeded film type scaffold 
around a melt extruded microfiber. As another approach for 3D engineered tissue 
formation, we suggested a simple and versatile method for formation of various cell 
sheets and their layer-by-layer stacking based on electrospun nanofibers. By the 
performance of nanofibers as a role of structural support, the cell sheets on nanofibrous 
membrane could sustain their entire geometry even after detached from culture substrate. 
 iii
In addition, 3D muscle and vascularized skin tissue was achieved by differentiating 
multilayered myocyte sheets or sandwiching endothelial cell sheet between fibroblast 
sheets respectively. Taken together, the experimental results indicated that this method 
provides universal and effective tools for not only stable formation and manipulation of 
the cell sheet structure but also formation of functional 3D engineered tissue. 
Key Words : Extracellular matrix, Micro/nanopatterning, Capillary force lithography, 
Electrospinning, Rolling-up process, Cell sheet engineering, Layer-by-
layer stacking, Adipogenesis, Myogenesis, Vascular network, 3D 
engineered tissue 
 






















Chapter 1. Introduction ············································································ 1 
  
  
Chapter 2. Effect of nanogroove geometry on adipogenic differentiation  
  




 2.2. Materials and methods ···································································· 
 
14 
 2.3. Results and Discussion ···································································· 
 
20 
 2.3.1. Preparation of nanogroove patterns on 18 mm glass coverslip  
 
20 





 2.3.3. Effect of cellular morphology on adipogenic differentiation ·· 
 
29 
 2.3.4. On the role of contact guidance in adipogenic differentiation  
 
36 
 2.4. Summary ························································································· 
 
39 
   
Chapter 3. Hybrid microfabrication of nanofiber-based sheets and rods for 
tissue engineering applications 
  
 3.1. Introduction ····················································································· 
 
40 




 3.3. Results and Discussion ···································································· 
 
54 
 3.3.1. Spin-coating of PCL films ······················································· 
 
54 
 3.3.2. Electrospinning of PCL nanofibers for sheet-type scaffold ····· 
 
59 
 3.3.3. Rolling of PCL nanofibers for rod-type scaffold ····················· 
  
65 
 3.4. Summary ························································································· 
 
70 
   
Chapter 4. Aligned nanofibrous membrane as a versatile tool for cell sheet 
manipulation and cell-dense 3D engineered tissue formation 
  
 4.1. Introduction ····················································································· 
 
71 
 4.2. Materials and methods ······································································ 
 
75 
 4.3. Results and Discussion ···································································· 
 
83 
 4.3.1. Fabrication and analysis of aligned nanofibrous membrane ···· 
 
83 
 4.3.2. Detachment of various types of cell sheet ································ 
 
89 
 4.3.3. Formation of 3D engineered muscle tissue ······························ 
  
93 
 4.3.4. Formation of vascularized 3D engineered skin tissue ·············· 
 
110 
 4.4. Summary ························································································· 
 
120 
   
   
References ·································································································· 122 
  





List of Figures 
 
Figure 1-1. An illustration of the purpose of this thesis. Multiscale 2D and 3D 
fabrication methods were suggested. 
 
Figure 2-1 A schematic diagram for the fabrication of polyurethane acrylate 
(PUA) nanogroove patterns using UV-assisted capillary force 
lithography (CFL). 
 
Figure 2-2 Representative SEM images of various PUA nanogrooves: (A) 400 
nm 1:1, (B) 550 nm 1:1, (C) 800 nm 1:1, (D) 550 nm 1:2, and (E) 
550 nm 1:5 (width : spacing). Scale bars indicate 5 μm. (F) Example 
of large-area fabrication on 18 mm diameter glass coverslip. 
 
Figure 2-3 Microscopic view of Oil Red O stained 3T3-L1 adipocytes on 
various nanogroove patterns after culture of 5 days. 
 
Figure 2-4 Quantitative analysis of relative lipid accumulation obtained by 
image processing for varying groove width with the same spacing 
(A) and varying groove spacing with the same width (B). 
 
Figure 2-5 Relative mRNA levels of several adipogenic marker genes by 
quantitative real-time RT-PCR for the dense nanogroove patterns (A) 
and the nanogrooves of varying spaces (B). The amounts were 
normalized with respect to that on the control sample. 
 
Figure 2-6 Representative SEM images of the 3T3-L1 cells cultured on various 
nanogroove patterns. The cells were observed after culture for 2 days 
(before induction of adipogenesis). Scale bar indicates 20 m. 
 
Figure 2-7 Projected cell spreading areas calculated from the SEM images for 
the dense nanogroove patterns (A) and the nanogrooves of varying 
spaces (B). 
 
Figure 2-8 Quantification of cellular orientation in angular mapping diagrams 
for control and various nanogroove patterns. (n = 40). 
 
 vii
Figure 2-9 Cross-sectional SEM images of the 3T3-L1 cells cultured on various 
nanogroove patterns. Depending on the width and space of 
nanogrooves, the cells were spreading only on the ridge regions or 
penetrated into the grooves. In the case of the 550 nm 1:5 pattern, 
the cells crawled into the spaces and formed tighter cell adhesions 
and contact guidance along the groove direction. Scale bar indicates 
1m. 
 
Figure 2-10 Fluorescence images of the 3T3-L1 cells immunostained for F-actin. 
Well-organized actin stress fibers were observed for the largest 
spacing of the 550 nm pattern. Scale bar indicates 100 m. 
 
Figure 2-11 A cartoon depicting the role of nanogroove geometry on the 
adipocyte differentiation. 
 
Figure 3-1 Fabrication process of hybrid nanofiber scaffold: (A) spin coating 
process to fabricate a PCL thin film, (B) electrospinning process to 
secure aligned nanofibers and transfer onto the film, and (C) 
polymer melt deposition process to place a microfiber core structure 
for subsequent rolling process. 
 
Figure 3-2 Relationship between film thickness and spinning speed at three 
different PCL solution concentrations of 5, 10 and 20 wt%. 
 
Figure 3-3 (A) Thin (left) and thick (right) films were respectively made from 5 
and 20 wt% solutions at a speed of 3000 rpm. The scale bar is 5 mm. 
Optical microscope images of the PCL film surfaces made from (B) 
5 and (C) 20 wt% solutions. (D) The thick film surface (case D) after 
removing bubble defects by heat treatment. The scale bar in B is 50 
μm with the same magnification in C and D. 
 
Figure 3-4 SEM images of the repetitively cropped nanofibers on PCL films: 
(A) 3 transfers and (B) 12 transfers. Angular mapping plots to 
quantify nanofiber alignment: (C) 3 transfers (n=70) and (D) 12 
transfers (n=100). (E) Photograph of sheet-type hybrid scaffold 
integrated with aligned nanofibers. The scale bar is 5 mm. 
 
Figure 3-5 Diffraction interference contrast images (first column) and 
immunofluorescent staining images of cells cultured on flat PCL 
 viii
film (first row), nanofiber-integrated scaffold with 3 transfers 
(second row) and 12 transfers (third row). DAPI, F-actin and their 
merged stack are arranged in the second, third, and fourth column, 
respectively. The scale bar in A is 25 μm, and the other images are at 
the same magnification. 
 
Figure 3-6 Angular mapping plots to quantify cell alignments of (A) flat PCL 
film and (B) nanofiber-integrated scaffold with (B) 3 transfers and 
(C) 12 transfers. (D) Degree of nucleus elongation of each scaffold. 
Data shown as mean ± standard deviation (n=100 in each scaffold). 
 
Figure 3-7 Results of thermally extruded microfibers. (A) Plots of microfiber 
radius vs. needle movement velocity at different applied pressures of 
550 and 750 kPa. Optical microscopy images of microfibers 
fabricated by needle movement of (B) 0.5 and (C) 1.5 mm/sec at an 
air pressure of 750 kPa. The scale bar indicates 500 μm. 
 
Figure 3-8 Photograph of rolling process and (E) SEM image of the resulting 
roll scaffold. The scale bar indicates 10 mm. 
 
Figure 3-9 (A, B) Schematic diagrams of rolling process with embedding cells 
on nanofiber film scaffold. SEM images of the cultured cells (C, E) 
before and (E, F) after the rolling process. (C, D) 3 transfers and (E, 
F) 12 transfers of nanofibers were respectively performed on the 
scaffold for cell culture. 
 
Figure 4-1 Schematic diagrams of (A) cell sheet detachment and manipulation 
using nanofibrous membranes and (B) layer-by-layer stacking of 
detached cell sheets to form 3D engineered tissue in vitro. 
 
Figure 4-2 (A) Representative SEM images of nanofibrous membranes with 
various number of transfers (1, 3 and 6 times). (B) Distributions of 
nanofiber orientation of each nanofibrous membranes (n = 142, 182 
and 181 for TR #1, #3 and #6 respectively). The scale bar indicates 
25 μm. 
 
Figure 4-3 Representative atomic force microscope images and cross-sectional 
profiles of (A) flat, (B) TR #1, (C) TR #3 and (D) TR #6. Thickness 
of nanofibrous membranes was ~ 750 nm which was identical value 
 ix
of single nanofiber except for overlapped points of 2 nanofibers. 
Overlapped points of more than 3 nanofibers were barely observed. 
 
Figure 4-4 (A) Porosity and (B) distribution of distance between nanofibers. 5 
samples for each case were analyzed for porosity analysis and total 
200 points of 5 samples for each case were measured for distance 
analysis. 
 
Figure 4-5 A) Photograph of delaminated C2C12 cell sheet cultured on PDMS 
substrate. Significantly reduction in size was observed due to loss of 
cellular morphology after delamination. (B) Microscopic images of 
cell sheet during delamination. 
 
Figure 4-6 A) Photographs of detached various cell sheets using TR #6 
nanofibrous membrane. (B) immunofluorescent images of 
transferred cell sheets for f-actin cytoskeleton, endothelial cell-
specific CD31 and DAPI. Morphologies of the cells were preserved 
after transfer. The scale bars indicate 1 cm for A and 100 μm for B. 
 
Figure 4-7 Representative immunofluorescent images of f-actin cytoskeleton 
and nucleus for identification of cellular alignment. As increasing of 
number of transfers, well-developed actin stress fibers along 
nanofibers were observed. The scale bar indicates 100 μm. 
 
Figure 4-8 Results of (A) cellular orientation and (B) nucleus elongation 
analysis (n = 200). Enhanced cellular alignment and nucleus 
elongation were observed as increasing nanofiber density. For 
comparison of nucleus elongation between groups, Kruskal-Wallis 
one-way ANOVA on rank test was performed. Asterisk indicates *p 
< 0.05. 
 
Figure 4-9 Figure 4-9. Representative immunofluorescent images of 
differentiated myotubes on nanofibrous membranes with various 
nanofiber densities. Well-developed multinucleated myotubes along 
nanofiber direction was observed on TR #3 and #6. The scale bar 
indicates 100 μm. 
 
Figure 4-10 Distributions of myotube orientations on nanofibrous membranes 
with various nanofiber densities. 
 x
 
Figure 4-11 Quantitative analysis of (A) number of myotubes in unit area and (B) 
ratio of mature myotubes with more than 5 nuclei for investigating 
degree of differentiation. . For comparison of groups, Kruskal-Wallis 
one-way ANOVA on rank test was performed. Asterisks indicate *p 
< 0.05 and **p < 0.01. 
 
Figure 4-12 (A) Photographs of detached cell sheets using various nanofibrous 
membranes. Only cell sheet on TR #6 successfully detached from 
base PDMS substrate. Notable morphological changes and damages 
were not observed through (B) immunofluorescent images of f-actin 
cytoskeleton and viability test. The scale bars indicate 1 cm for A 
and 100 μm for B and C. 
 
Figure 4-13 ((A) Comparison of cellular orientation distributions between before 
and after detachment. Cellular alignment sustained after detachment. 
(B) Nucleus elongation was slightly decreased after detachment, but 
sustained the level similar with the cells on TR #3 before 
detachment. For comparison of nucleus elongation between groups, 
Kruskal-Wallis one-way ANOVA on rank test was performed. 
Asterisk indicates *p < 0.05. 
 
Figure 4-14 Immunofluorescent images of 3D engineered tissue formed by 
stacking 2 layers of cell sheets in parallel manner. The scale bars 
indicate 100 μm in planar images and 10 μm in cross-sectional 
image. 
 
Figure 4-15 Immunofluorescent images of 3D engineered tissue formed by 
stacking 3 layers of cell sheets in perpendicular manner. The scale 
bars indicate 100 μm in planar images and 10 μm in cross-sectional 
image. 
 
Figure 4-16 Immunofluorescent images of functional 3D engineered tissue 
formed by induction of myogenic differentiation of 2-layered tissue. 
The scale bars indicate 100 μm in planar images and 10 μm in cross-
sectional image. 
Figure 4-17 3D reconstructed image of functional 3D engineered tissue. The 
scale bar indicates 100 μm. 
 
 xi
Figure 4-18 (A) Schematic illustration of tube formation assay for endothelial 
cell sheet embedded in Matrigel. (B) Time-lapse microscope images 
of transferred endothelial cell sheet. The scale bar indicates 100 μm. 
 
Figure 4-19 (A) Planar and cross-sectional fluorescent images and (B) 3D 
reconstructed image of tube-like structures at day 5. The scale bars 
indicate 100 μm. 
 
Figure 4-20 Immunofluorescent images of HUVEC sheet stacked on HS68 
human fibroblast sheet in parallel manner. The scale bars indicate 50 
μm in planar images and 25 μm in cross-sectional image. 
 
Figure 4-21 3D reconstructed image of HS68-HUVEC tissue construct. The scale 
bar indicates 50 μm. 
 
Figure 4-22 Immunofluorescent images of HS68-HUVEC-HS68 tissue construct 
stacked in parallel manner at day 5. (A) Planar image and (B) 3D 
reconstructed image of vascularized tissue construct. (C) Cross-
sectional image of vascular lumens inside tissue construct. The scale 
bars indicate 50 μm (A, B) and 10 μm (C). 
 
Figure 4-23 Immunofluorescent images of 3T3-HUVEC-3T3 tissue construct 
stacked in parallel manner at (A) day 3 and (B) day 5. Degeneration 
of formed tube-like structures was observed at day 5. The scale bars 










                          
ECM Extracellular matrix 
CFL Capillary force lithography 





DMEM Dulbecco’s Modified Eagle’s Medium 
EBM Endothelial basal medium 
GM Growth medium 
EGM Endothelial growth medium 
DM Differentiation medium 
FBS Fetal bovine serum 
PS Penicillin-streptomycin 
PDL Poly-D-lysine 
SEM Scanning electron microscope 
AFM Atomic force microscope 
qRT-PCR Quantitative real-time polymerase chain reaction 
TR #n Number of transfers (n times) 







Chapter 1. Introduction 
 
 
Extracellular matrix (ECM) is collection of extracellular molecules such as 
collagen/elastin nanofibers and proteoglycans. Collagen/elastin nanofibers serve adhesion 
sites for the cells and mechanical stimuli through cell-nanofiber interactions. 
Proteoglycans play a role in storage of biochemicals inside ECM by hydration due to 
their highly negative charged nature. Taken together, the cells receive not only 
mechanical stumuli but also biochemical stimuli as a result of cell-ECM interaction and 
regulate their functions such as proliferation, migration and differentiation [1]. Among 
them, mechanical properties of ECM such as nanotopographical features and matrix 
stiffness have considered as crucial stimuli which allow regulation of cellular functions 
through integrin-mediated mechanotransduction [2, 3]. For this reason, fabrication of 
three-dimensional (3D) scaffolds mimicking nanotopographical features of ECM have 
been considered as a major challenge in field of tissue engineering whose major aim is to 
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repair cellular functions of damaged tissues/organs or to replace them to engineered 
tissues/organs.  
Recent development of nano/micropatterning methods accelerates the researches 
on effect of mechanical stimuli exerted on the cells by nanotopographical features. 
Especially, polymeric material based nanopatterning methods such as electron beam 
lithography, colloidal lithography, nanoimprint lithography and capillary force 
lithography have attracted great attentions because those fabrication methods have 
strengths of tunability of their mechanical properties and high transparency required for 
biological assays. Thus, many researchers have used nanopatterns as a tool for 
investigating effect of nanotopography on cellular functions of diverse cell types such as 
neural cells [4, 5], muscular cells [6, 7], fibroblasts [8] and stem cells [9, 10]. Fabrication 
of 3D structures, however, is still remaining limitation of patterning methods for 
application as a scaffold. Nonetheless, nanopatterns are worthwhile as a platform for 
determining geometrical characteristics of desired scaffold because their strength in 
fabricating nanostructures in a precise manner. 
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In conjunction with nano/micropatterning methods, electrospinning is an another 
representative method in tissue engineering field due to its strengths such as fibrous 
morphology similar with ECM, ease in controlling mechanical and chemical properties of 
nanofibers and capacity for fabricating 3D scaffold composed of random or aligned 
nanofibers. Unlike randomly oriented nanofibrous mesh, however, aligned nanofibers 
cannot sustain 3D structure due to their geometrical constraint so that application of 
electrospinning methods for tissues having uniaxially aligned ECM structures is limited. 
To address this problem, many fabrication methods such as air/insulator gap methods, 
pin/blade based methods, ring based methods, rotating disc/drum based methods and their 
hybrid methods. Among them, air gap methods and hybrid methods have attracted many 
attentions in tissue engineering field because nanofibers fabricated by air gap methods 
can be easily transferred to other substrate and resulting thickness and pore size can be 
controlled by differing number of transfer and fiber density of single transfer. 
In addition, nanofibrous meshes have a critical limitation of cellular infiltration 
which results in different cellular populations according to depth of scaffolds due to their 
small pore size. To address this problem, many researchers suggested various methods for 
 4 
increasing pore size such as sequential electrospinning of micro and nanofibers [11, 12] 
and selective dissolution of water soluble nanofibers from co-electrospun nanofibrous 
meshes [13], but cellular infiltration problem still remaining unsolved. Other approaches 
focusing on making 3D engineered tissues with evenly distributed cell populations have 
also been suggested by repetitive cell seeding and electrospinning on the cultured cell 
layer [14], but entire cellular populations through the engineered tissue are reduced due to 
thickness of the nanofibrous mesh. 
 In this thesis, we suggested various multiscale 2D and 3D fabrication methods 
to overcome described limitations of previous methods (Figure 1-1). We utilized 
precisely fabricated nanopatterns through capillary force lithography (CFL) as a tool for 
investigating cellular behaviors affected by nanotopography. Further, to overcome the 
limitations of present electrospinning methods, we have developed new methods based on 
rolling and stacking process of cell-seeded nanofibers for formation of cell-dense 3D 
engineered tissues in vitro.  
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In chapter 2, we present the effect of nanotopographically defined surfaces on 
adipocyte differentiation using various nanogroove patterns. Parallel nanogroove arrays 
with equal inter-groove distance (400 nm, 550 nm, 800 nm width) and varying distances 
(550 nm width with three different spaces of 550, 1100, and 2750 nm) were fabricated by 
UV-assisted capillary force lithography (CFL) on 18 mm diameter glass coverslips using 
biocompatible polyurethane (PU)-based material. After coating with fibronectin and 
subsequent culture of 3T3-L1 preadipocytes, the degree of adipocyte differentiation was 
determined by Oil Red O staining and adipogenic gene expression. We observed that 
adipocyte differentiation was slightly but substantially affected by culture on various 
nanogrooved surfaces. In particular, the cell crawling into nanogrooves contributed 
substantially to an enhanced level of differentiation with higher contact guidance, 
suggesting that cell-to-surface interactions would play a role for the adipocyte 
differentiation.  
In chapter 3, we have successfully fabricated nanofiber-based scaffold complexes 
of rod and sheet type by combining the three microfabrication techniques of 
electrospinning, spin-coating, and polymer melt deposition. It was demonstrated that this 
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hybrid fabrication could produce uniaxially aligned nanofiber scaffolds supported by a 
thin film, allowing for a mechanically enforced substrate for cell culture as well as facile 
scaffold manipulation. The results of cell analysis indicated that nanofibers on spin-
coated films could provide contact guidance effects on cells and retain them even after 
manipulation. As an application of the cell-laden nanofiber film, we built a rod type 
structure by rolling up the film around a mechanically supporting core microfiber which 
was incorporated by polymer melt deposition. A biocompatible and biodegradable 
polymer, polycaprolactone (PCL), was used throughout the processes and thus could be 
used as a directly implantable substitute in tissue regeneration. 
Finally in chapter 4, we suggested a simple and versatile method for cell sheet 
manipulation and 3D engineered tissue formation in vitro. The technical result was 
achieved by integrating an array of electrospun nanofibers into a polydimethylsiloxane 
(PDMS) assembly containing an opened culture well so that the cultured cells could be 
peeled off with the nanofibers. By the performance of nanofibers as a role of structural 
support, the cell sheet-nanofiber complex could sustain its entire geometry even after 
detached from culture substrate. The nanofibers also allowed the cultured cells to be 
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oriented in the desired direction and this cell orientation was not impaired by the 
detachment regardless of cell types when the quantity of integrated nanofibers was 
offered by the line density of 173 fibers/mm. Compared with conventional methods based 
on poly-N-isopropylacrylamide (PNIPAAm) which is the most widely used 
thermoresponsive polymer, cell sheets generated by suggested method based on 
nanofibers showed almost identical properties and could be used as a building blocks to 
form 3D tissue constructs in vitro by stacking detached cell sheets layer-by-layer. 
Inspired from these results, we performed experiments for forming 3D engineered muscle 
tissue and vascularized skin tissue. As results, longitudinally well-developed myotubes 
were observed through entire muscle tissue and well-organized vascular network was 
formed inside skin tissue by differentiating multilayered myoblast sheets and co-culturing 












Figure 1-1. An illustration of the goal of this thesis. Multiscale 2D and 3D fabrication 












Cellular response is exquisitely sensitive to the surrounding extracellular matrix 
(ECM) with nanoscale topographical features [15-18]. Also, cells contain nanoscale 
physical structures whose size is compatible with embedded ECM, including the 
intracellular organelles such as cytoskeletal elements (e.g., actin filaments and 
microtubules) and adhesive structures (e.g., focal adhesions). It is therefore quite 
reasonable to expect that functioning of many cell types can be regulated in vitro by the 
nanoscale features of the surrounding ECM. 
Most of the previous in vitro studies have examined cells cultured on two-
dimensional flat and rigid surfaces (e.g., Petri dish) despite that most cells in vivo are 
exposed to three-dimensional microenvironments with complex topographical features. In 
order to address some of the limitations, microfabrication and surface-chemistry-based 
approaches have provided a versatile set of tools to control the spatial organization and 
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temporal presentation of cellular cues on a microscale [19, 20]. To better understand the 
mechanism involved in cellular behavior and function in a microenvironment, nanoscale 
topographical features have been incorporated into the in vitro experimental platform to 
mimic various in vivo three-dimensional ECM environments with structural and 
mechanical similarity [16]. Previous experiments with various nanotopographic features 
such as grooves, ridges, pore, wells, and pillar, have shown that nanotopography can 
strongly influence cell morphology, adhesion, proliferation, and gene regulation [17, 21-
24], but the underlying mechanism mediating this cell response still remains unclear. 
Recently, we have shown that nanopatterned surfaces of UV-curable 
polyurethane acrylate (PUA) or polyethylene glycol (PEG) material can be used as a 
structured biomaterials interface to control various cell functions such in neuronal 
differentiation [4, 5], osteogenic differentiation [25], directed cell migration [26, 27], and 
cardiac tissue engineering [6]. The cell culture platform was fabricated by combining UV-
assisted capillary force lithography (CFL) and self-replication as schematically illustrated 
in Figure 2-1. There are a number of advantages with the fabrication method. First, the 
UV-curable PUA and PEG materials provide excellent biocompatibility for many cell 
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types, allowing for a long-term cell culture without modification of cell function. Second, 
the patterned surface can be prepared on a large area, typically larger than 1  1 cm
2
, with 
good uniformity, which is beneficial for various biochemical assays (e.g., Western 
blotting, RT-PCR, etc.). Third, the self-replication characteristic (i.e., replication from 
PUA to PUA material) allows a facile duplication of the PUA replica from positive to 
negative sense (or vice versa), indicating that dot and hole patterns can be prepared from 
the same silicon master [28, 29]. 
By taking advantage of the above benefits, we present here the role of nanoscale 
groove patterns on the adipocyte differentiation. Adipogenesis is referred to as 
differentiation into adipogenic lineage from preadipocytes. Adipocytes play crucial role in 
synthesis and storage of energy source in the form of neutral lipid metabolites. Regulation 
of adipogenesis has been implicated in obesity-related metabolic diseases such as 
hyperlipidemia, hypertension, and type 2 diabetes. Obese animals often exhibit increase 
in fat cell size and/or fat cell numbers. Several anti-obesity and/or anti-diabetic drugs 
such as berberine and thiazolidinediones show beneficial effects through regulating 
adipogenesis [30, 31]. Recently, ex vivo adipocyte differentiation has been intensively 
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studied for self-fat grafting in the part of cosmetic treatment. In this aspect, some core 
technologies to control the process of adipocyte differentiation are needed to be 
established.  
Adipocyte differentiation is a complex process regulated by many transcriptional 
cascades and hormonal stimuli. For example, a certain hormonal change stimulates 
adipogenesis in concert with adipogenic transcription factors including peroxisome 
proliferator-activated receptor  (PPAR) and CCAAT/enhancer-binding proteins [32-36]. 
Moreover, it has been reported that ECM proteins or cytoskeleton proteins are also 
involved in adipocyte differentiation [37, 38]. Therefore, it is likely that the ECM 
nanoscale topography would affect adipogenesis in an in vitro culture platform. Our 
results demonstrate that the adipogenic differentiation can be up-regulated to a certain 
extent by changing the nanogroove geometry. In particular, the pattern spacing is more 
influential than the pattern width such that the largest spacing pattern (width:spacing = 
1:5, width = 550 nm) showed the highest differentiation level. In this case, the cells 
penetrated into the grooves with the actin cytoskeleton being more aligned along the 
grooves, suggesting that cell-to-surface interactions as characterized by contact guidance 
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2.2. Materials and methods 
2.2.1. Preparation of PUA mold 
 The silicon masters having various parallel arrays of nanogrooves were 
prepared by standard photolithography and reactive ion etching. A small amount of UV-
curable PUA precursor (0.1 – 0.5 mL) was drop-dispensed on the silicon master and 
covered with a transparent poly(ethylene terephthalate) (PET) film of 50-μm thickness. 
To cure the resin, the assembly was exposed to UV light ( = 200 ~ 400 nm, dose = 100 
mJ/cm
2
) for 25 s. After UV-curing, the PUA replica was peeled off from the silicon 
master using a sharp tweezer and further exposed to UV light for 10 h for complete 
annihilation of reactive acrylate groups. Glass coverslips that were used as substrate were 
sonicated in acetone for 1 h to remove organic contaminants and then dried with N2 gas.  
 
2.2.2. Fabrication of nanopatterned surfaces 
A similar amount of PUA precursor was drop-dispensed on the 18 mm glass 
coverslip and a PUA mold with engraved nanogrooves was placed carefully to make a 
conformal contact, leaving behind a replica of the PUA mold after UV exposure for a few 
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tens of seconds followed by mold removal. To promote adhesion of the patterned layer, 
the glass coverslip was treated with an adhesion promoter (phosphoric acrylate or acrylic 
acid dissolved in propylene glycol monomethyl ether acetate (PGMEA), 10 vol %). The 
nanopatterned surfaces were treated with oxygen plasma for 1 min to make the surface 
hydrophilic. Then, the fibronectin (1 g/mL) was coated to increase cell adhesions by 
dipping the surface for 1 h. To remove unbound fibronectin, the surface was washed with 
Dulbecco’s phosphate buffered saline (DPBS) for 3 times. Prior to cell culture, the 
fabricated PUA nanopatterns were sterilized by rinsing with ethyl alcohol and D.I. water.  
 
2.2.3. Cell culture 
3T3-L1 preadipocytes were maintained in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% bovine calf serum (BCS). To induce adipocyte 
differentiation, at 2 days post-conflucence, 3T3-L1 cells were incubated with DMEM 
containing 10% fetal bovine serum (FBS), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 
1 M dexamethasone and 1 g/ml insulin for 2 days. Then, the culture medium was replaced 
with DMEM containing 10% FBS and 1 g/ml insulin and the cells were cultured for 
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additional 2 days. In this manner, the culture medium was changed every two days with 
DMEM containing 10% FBS. 
 
2.2.4. Oil Red O staining   
3T3-L1 cells were washed with PBS and fixed for 5 min with 3.7% 
formaldehyde solution. Cells were dehydrated with 100% propylene glycol for 5 min. Oil 
Red O (0.5% in propylene glycol) was incubated with fixed and dehydrated cells for 1 h 
at room temperature. Cells were re-hydrated with 85% propylene glycol for 5 min and 
washed with PBS. The stained fat droplets in the cells were visualized under optical 
microscopy. For statistical significance, each experiment was repeated at least 5 times. 
 
2.2.5. RNA isolation and quantitative real-time PCR (RT-PCR) 
Total RNA was isolated with Iso-RNA lysis reagent (5 PRIME, Hamburg, 
Germany) and subjected to cDNA synthesis using RevertAid M-MuLV reverse 
transcriptase (Fermentas, Glen Burnie, MD, USA). Relative amounts of mRNA were 
measured using the CFX96
TM
 Real-Time System (Bio-Rad Laboratories, Hercules, CA. 
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USA) and calculated by normalization to the level of cyclophilin mRNA. The primer 
sequences used for quantitative real-time PCR analysis were as follows: PPAR-forward 
(f), 5’-GCATGGTGCCTTCGCTGA-3’; PPAR-reverse (r), 5’-TGGCATCTCTGTGT 
CAACCATG-3’; adiponectin-f, 5’-GGCAGGAAAGGAGAACCTGG-3’; Adiponectin-r, 
5’-AGCCTTGTCCTTCTTGAAGAG-3’; aP2-f, 5’-AAG AAGTGGGAGTGGGCTTT-3'; 
aP2-r, 5’-GCTCTTCACCTTCCTGTCGT-3’; FASN-f, 5’-GCCTACACCCAGAGCTAC 
CG-3’; FASN-r, 5’-GCCATGGTACTTGGCCTTG-3’; cyclophilin-f, 5’-CAGACGCCAC 
TGTCGCTTT-3’; cyclophilin-r, 5’-TGTCTTTGGAACTTTGTCTG-3’. The RT-PCR 
experiment was repeated three times.  
 
2.2.6. Scanning electron microscopy (SEM) 
3T3-L1 cells were gently rinsed with DPBS and fixed by 5% glutaraldehyde 
solution in DPBS containing 0.1 M sodium cacodylate and 0.1 M sucrose for 30 min at 4 
C. After the fixation process, the cells were washed with DPBS for 3 times and 
dehydrated by sequentially immersing them in gradient ethanol solutions and 
hexamethyldisilazane (HMDS). The samples were dried in fume hood for 10 h and 
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observed with SEM (S-48000, Hitachi, Japan). 
 
2.2.7. Quantification of lipid droplet accumulation and projected cell area 
 To quantify lipid droplet accumulation and projected cell area, ImageJ software 
(NIH) was used. The images of 3T3-L1 cells stained by Oil Red O were taken for 15 
points for each nanopatterned substrate. With the aid of appropriate image processing, 
stained lipid droplets in the images were highlighted and then the occupied portion of the 
lipid droplets was calculated. The projected cell area was calculated in a similar manner 
from arbitrary selection of the cell boundaries for about 100 cells in each SEM image. 
 
2.2.8. Immunofluorescence staining 
 3T3-L1 cells were washed with PBS for 2 times and fixed with 3.7% 
formaldehyde solution for 15 min. Fixed cells were treated with 0.1% Triton X-100 in 
PBS for 10 min to make cells permeable and then treated with antibody buffer (2% 
bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS) for 30 min to block 
unspecific bindings. After washing 3 times with PBS, the cells were incubated for 1 h 
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with tetramethylrhodamine isothiocyanate (TRITC)-phalloidin solution (1:400 in 
















2.3. Results and Discussion 
2.3.1. Preparation of nanogroove patterns on 18 mm glass coverslip 
As described earlier, the PUA material has been extensively used for cell culture 
due to its several excellent properties such as transparency, tunable surface energy [39] 
and biocompatibility for various cell types [4, 5, 25]. Figure 2-1 shows a schematic 
diagram for the fabrication of nanopatterned substrates using UV-assisted CFL. 
Representative SEM images of the nanopatterns are shown in figure 2-2(A-E). In the 
experiment, five types of nanogroove patterns were used with different width and inter-
groove spacing: (A) 400nm 1:1, (B) 550nm 1:1, (C) 800nm 1:1, (D) 550nm 1:2 and (E) 
550nm 1:5 (width:spacing). Therefore, for equally-spaced dense nanogroove pattern, the 
width varied from 400, 550, to 800 nm. For nanogrooves with varying spaces, the width 
was fixed at 550 nm, while changing the distance from 550 to 2750 nm. For all patterns, 
the pattern height was fixed at 600 nm. As shown in Figure 2-2(A-E), the patterns 
exhibited high structural fidelity over large areas (see Figure 2-2F) showing well-defined 
nanopatterns on 18 mm glass coverslip). To fabricate uniform patterns, it is important to 
remove trapped air from PUA precursor during replication steps. This is because PUA 
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precursor cannot fill the cavity occupied by the air trap. To resolve this problem, the 


















Figure 2-1. A schematic diagram for the fabrication of polyurethane acrylate (PUA) 




Figure 2-2. Representative SEM images of various PUA nanogrooves: (A) 400 nm 1:1, 
(B) 550 nm 1:1, (C) 800 nm 1:1, (D) 550 nm 1:2, and (E) 550 nm 1:5 (width : spacing). 
Scale bars indicate 5 μm. (F) Example of large-area fabrication on 18 mm diameter glass 
coverslip. 
 24 
2.3.2. Quantification of adipogenic differentiation on nanogroove patterns 
To investigate whether nanotopography would influence adipocyte 
differentiation, we cultured 3T3-L1 preadipocytes on the various nanogroove surfaces, 
first for 2 days for confluency and additional 5 days under induction media for 
adipogenesis. Without the induction media, no appreciable differentiation was observed, 
suggesting that the effect of media is crucial for the 3T3-L1 preadipocytes. Prior to cell 
culture, fibronectin was incubated on the surfaces, which turned out to render a uniform 
coating over the topography without notable difference between ridge and bottom regions 
[4, 41]. To measure the level of adipocyte differentiation, Oil Red O staining was 
conducted to stain accumulated intracellular lipid droplets and the results are displayed in 
Figure 2-3(A-F). For the quantification, two different methods were used: direct 
calculation of the portion occupied by lipid droplets through image processing (Figure 2-
4A and B) and quantitative RT-PCR analysis of the expression of key adipocyte marker 
genes including PPARand its target genes which were up-regulated during adipogenesis 
(Figure 2-5).  
We first examined the effect of groove width on the differentiation. As can be 
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seen from the Oil Red O stained images shown in Figure 2-3(A-D) and relative amount of 
lipid accumulation (Figure 2-4A), the differentiation was slightly suppressed compared 
with control (bare PUA surface, Figure 2-3A) when the cells were cultured on the dense 
400 nm and 500 nm 1:1 pattern. In contrast, the differentiation was somewhat enhanced 
on the largest 800 nm 1:1 pattern, but the level of differentiation was marginal. Next, we 
examined the effect of groove spacing (Figure 2-3(D-F)). Additionally, we revealed that 
the level of differentiation was slightly increased with the increase of inter-groove 
spacing from 550 nm 1:1 to 550 nm 1:5 nanogrooves as evidence by the relative amount 
of lipid accumulation (Figure 2-4B). In conjunction with the staining results, a similar 
trend was observed from the quantitative RT-PCR even though the change of marker gene 
expression was not dramatic (Figure 2-5). Here, relative mRNA levels of several 
adipogenic marker genes such as PPAR, adiponectin, aP2, and FASN were measured 










Figure 2-3. Microscopic view of Oil Red O stained 3T3-L1 adipocytes on various 








Figure 2-4. Quantitative analysis of relative lipid accumulation obtained by image 
processing for varying groove width with the same spacing (A) and varying groove 






Figure 2-5. Relative mRNA levels of several adipogenic marker genes by quantitative 
real-time RT-PCR for the dense nanogroove patterns (A) and the nanogrooves of varying 




2.3.3. Effect of cellular morphology on adipogenic differentiation 
Based on the observations thus far, it appears that the adipogenesis is associated 
with the width and spacing of nanogrooves or the geometry of the underlying nanoscale 
features. To link the geometrical change of nanotopography to cell shape, we measured 
apparent cell projected area and detailed cell morphology onto nanogrooves by SEM. 
Representative planar SEM images of the cells cultured for 2 days after plating (i.e., just 
before the induction of adipogenesis) are shown in Figure 2-6(A-F). According to the SEM 
images, the cells were less spread with the increase of groove width for the equally-spaced 
nanogrooves, and with the increase of inter-groove spacing with the same groove width 
(Figure 2-7(A-B)). For the equally-spaced patterns (Figure 2-6(B-D)), the topographical 
guidance along the groove direction was less pronounced except for the 800 nm 1:1 pattern, 
in which a certain degree of cell alignment is apparent. For the various inter-spacing 
patterns, a dramatic change of cellular morphology was observed (Figure 2-6(D-F)). As the 
inter-spacing was increased, the projected cell size became smaller with enhanced contact 
guidance along the groove direction.  
For the quantification, the orientation of cell morphology with respect to the 
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nanogroove direction was plotted in an angular mapping diagram as shown in Figure 2-8. 
It is seen that the orientation slightly became narrower and directional as the pattern size 
was increased from 400 to 800 nm. For the nanogrooves with varying spaces, the contact 
guidance was distinctively enhanced with the increase of the inter-groove spacing from 1:1 
to 1:5. Such enhanced contact guidance resulted in relatively reduced cell spreading areas 
(Figure 2-7(A-B)), which were calculated based on the cell boundaries from the images. 
 To elaborate on the contact guidance of nanogrooves, the cross-sectional images 
of the cells were obtained as shown in Figure 2-9. For this experiment, the nanopatterned 
glass coverslips with dehydrated cells were slightly frozen in a refrigerator (-80°C) for 15 
min. A distinct and notable finding from the figure is that the cells only penetrated into 
the nanogrooves for the largest spacing of 550 nm pattern, in accordance with the 
enhanced contact guidance shown in Figure 2-6F. This suggests that the cell crawling into 
the nanogrooves apparently assists in contact guidance. For the less penetrating dense 
patterns, a careful examination reveals that the cell penetration was slightly increased for 
the 800 nm 1:1 pattern as compared to the other smaller patterns. Therefore, it is 
hypothesized that the contact guidance plays a critical role in regulating the adipocyte 
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Figure 2-6. Representative SEM images of the 3T3-L1 cells cultured on various 
nanogroove patterns. The cells were observed after culture for 2 days (before induction of 





Figure 2-7. Projected cell spreading areas calculated from the SEM images for the dense 





Figure 2-8. Quantification of cellular orientation in angular mapping diagrams for control 





Figure 2-9. Cross-sectional SEM images of the 3T3-L1 cells cultured on various 
nanogroove patterns. Depending on the width and space of nanogrooves, the cells were 
spreading only on the ridge regions or penetrated into the grooves. In the case of the 550 
nm 1:5 pattern, the cells crawled into the spaces and formed tighter cell adhesions and 
contact guidance along the groove direction. Scale bar indicates 1m. 
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2.3.4. On the role of contact guidance in adipogenic differentiation 
The pioneering work by Chen and coworkers revealed that the cell shape can 
dictate the differentiation of mesenchymal stem cells by modulating cytoskeletal tension 
and contractility [20, 42]. They reported that as the degree of cell spreading was increased 
by culturing on large ECM islands, the degree of cytoskeletal tension and contractility was 
enhanced, which resulted in reduced adipogenesis. In this respect, the degree of actin stress 
fiber formation can be used as an index for the cytoskeletal tension and contractility [24]. 
Following the observation by Chen and coworkers, it is expected that the formation of 
actin filaments would be reduced for the larger width or inter-spacing nanogroove patterns.  
To evaluate the degree of cytoskeletal organization, we conducted 
immunofluorescent staining for actin filaments as shown in Figure 2-10(A-D). While some 
alignment was seen for the 800 nm pattern, well-organized and aligned actin fibers were 
mainly observed on the 550 nm 1:5 pattern in contrast with the other dense nanogrooves 
and PUA control. This suggests that a simple nanogroove pattern has ability to down- or 
up-regulate adipocyte differentiation by modulating cell shape and cytoskeletal 
organization. Further, the contact guidance can be used as an indicator to determine the 
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Figure 2-10. Fluorescence images of the 3T3-L1 cells immunostained for F-actin. Well-
organized actin stress fibers were observed for the largest spacing of the 550 nm pattern. 





We have presented the role of ECM nanotopographical features in the form of 
parallel nanogroove arrays on the adipocyte differentiation of 3T3-L1 preadipocytes. Data 
from Oil Red O staining, relative amount of lipid accumulation, and adipogenic marker 
gene expression have implied that the adipogenesis could be modulated by culture on 
various nanogroove patterns with different widths and spaces. In particular, the 
differentiation level was potentially enhanced on the 550 nm 1:5 pattern by 20 % as 
compared to the control without nanopatterns. Such small enhancement might be 
attributed to the dominant effect of the induction media that is needed for the 
differentiation. The SEM measurement has shown that the cell morphology was distinctly 
different on different nanogroove patterns. Surprisingly, the cells penetrated into the 
grooves with better contact guidance only for the 550 nm 1:5 pattern, in good correlation 
with the differentiation level. A cartoon in Figure 2-11 depicts the role of nanogroove 
geometry on adipogenic differentiation observed in this study. Although a detailed study 
elucidating biological mechanisms is required, the present study shows that contact 
guidance, which is closely related to integrin-mediated adhesions, plays a critical role in 
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regulating adipocyte differentiation. Therefore, a simple index for contact guidance might 






















Chapter 3. Hybrid microfabrication of nanofiber-based 




One of the important issues in the tissue engineering field is to provide cultured 
cells with a biocompatible template, or scaffold, which mimics the natural extracellular 
matrix (ECM), to regulate cell functions, such as adhesion, migration, proliferation, and 
differentiation [43-45]. Through the scaffold-based strategies, a wide range of research 
has been conducted to understand the cellular processes controlled by the surrounding 
microstructure as well as to develop scaffolds for practical applications in clinical settings 
[16, 46, 47]. Among many micro- and nano- processing tools for the scaffold fabrication, 
the electrospinning process has offered unique advantages due to its ability to produce 
nanofiber networks that closely simulate the ECM structure, which is a complex network 
with various nanoscale fibrils such as collagen, elastin, fibronectin and laminin [48-51]. 
The ECM mimicry is beneficial for cell activation and characterized by high productivity, 
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simplicity, and material universality in manufacturing the nanofibers.  
Because the electrospinning process is driven by strong electrostatic force from 
high voltage, the as-spun fibers usually form a randomly configured nonwoven matrix. 
Recently, the nanofiber patterning technique has been diversified by modulating its 
configuration from simple random networks to uniaxially aligned form, which in turn can 
generate desired cell morphogenesis. The feasibility of aligned nanofiber scaffolds has 
been demonstrated using various cells such as fibroblasts, myoblasts, neuron cells, and 
mesenchymal stem cells [52-58]. Especially in the case of myoblasts, their native tissue, 
skeletal muscle, has a highly organized anatomical structure that consists of many parallel 
bundles formed by fusion of the myoblasts. It naturally follows a necessity of highly 
oriented nanofiber scaffold that resembles the native muscle architecture. In order to 
achieve the ordered fiber configuration, a variety of methods have been proposed by 
developing specific collecting mechanisms such as rotating cylinder, sharp-edged disk, 
wire-framed drum, near-field working distance, and parallel electrodes [59-63]. 
We previously reported a novel processing technique to acquire the ordered 
nanofiber array scaffold not only with better alignment but also with quantitatively 
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controlled fiber density [64]. The multiple transfers of nanofibers, by which the 
nanotopographic spacing could be modulated, were a favorable feature to demonstrate the 
contact guidance effect of nanofiber pattern. In particular, the well-aligned nanofiber 
pattern with the controlled configuration showed improved biological functions in 
cellular adhesion and morphogenesis [65]. However, the previous nanofiber 
manufacturing methods need to be assisted by some post-processing procedures, allowing 
for facile manipulation of the produced nanofibers. While the random mesh has a number 
of overlapping junctions on the constituent nanofibers, the structural interconnections in 
the aligned mesh are not abundant so that it cannot be handled as an individual entity. The 
sparse connectivity between aligned nanofibers implies that a supportive structure should 
be incorporated to prevent a possible distraction of nanofibers. 
Here, we introduce an effective hybrid fabrication method to build a new kind of 
rod- or sheet-type composite scaffold that consists of a spin-coated polymer film and an 
array of electrospun nanofibers. A series of polycaprolactone (PCL) solutions with diluted 
concentrations were used for fabricating thin films with varying thicknesses from 1.5 to 
35 μm. The polymer films over 20 μm thickness turned out to exhibit favorable stiffness 
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that allowed manipulation with tweezers. By using a relatively thick film as an underlying 
substrate, the mechanically stable scaffold was achieved in combination with the 
transferred electrospun nanofibers. C2C12 myoblasts were cultured to confirm the 
cellular morphogenesis such as cell alignment and elongation, which may be guided by 
the nanofiber configuration. In addition to the sheet-type scaffold, the films with 
thickness less than 10 μm were transformed into a rod-type scaffold by rolling up with the 
cell-fiber complex sheet. To facilitate the rolling manipulation with thin structures, a 
cylindrical core of microscale diameter was thermally extruded through a micro needle 
and deposited at one edge of the nanofiber film. Taken together, some potential obstacles 
associated with handling fragile nano-sized scaffold materials were alleviated by 
employing the microfabricated supportive structures with controllable size. For additional 
manipulations including folding and laminating, the current hybrid scaffolds are fully 
composed of biodegradable polymers, which could potentially meet the needs of tailored 




3.2. Materials and methods 
3.2.1. Spin coating process 
For spin coating solutions, polycaprolactone (PCL, Mw = 80,000 g/mol, 
Aldrich) was dissolved in chloroform (Sigma) at three different concentrations of 5, 10, 
and 20 wt%. As shown in Figure 3-1A, a certain quantity of PCL solution drop was 
deposited on the glass substrate on the spin-coating machine (JD tech) before spin coating 
at different speeds in the range from 1000 to 4000 rpm. The spinning time had no 
significant effect on the film thickness; thus it was fixed at 30 sec. Most of the solvent 
was evaporated while spinning, because chloroform is a highly volatile solvent. To 
remove the possible residue of the solvent in the film, the specimens were kept in a fume 
hood for one hour. The films coated on the glass substrate were incised using a sharp 
blade for thickness measurement. The film thickness was measured by an Alpha step 
surface profiler (Nanospec AFT/200, KLA TENCOR), which was determined by the 




3.2.2. Electrospinning process and nanofiber transfer 
The PCL was also dissolved in the mixture of chloroform (Sigma) and 
dimethylformamide (Junsei) at a volume ratio of 75/25. Here, dielectric properties 
generated from the dimethylformamide enhanced electrospinning capability. The solution 
concentration was chosen to be ~20 wt%, which had been confirmed as a proper 
condition in the previous work [64, 65]. The PCL solution was stored in a syringe 
equipped with a 23-gauge metal needle which was connected to a high voltage DC power 
supply. The syringe module was loaded on a syringe pump and infused at a rate of 1.5 
mL/h. The DC voltage of 15 kV was applied to the solution drop formed at the needle tip. 
The collector for crop of aligned nanofiber was designed as shown in Figure 3-1B. Two 
separate aluminum strips were perpendicularly arranged, and the ejected nanofibers were 
suspended across the air gap between the strips. Due to the repulsive interaction between 
the adjacent nanofibers hanging on the strips, well-aligned nanofibers could be obtained. 
More detailed information about the collecting mechanisms and conditions are described 
in our previous work [64]. The nanofibers were transferred onto the as-prepared PCL film 
via spin-coating. To vary the scaffold line density, which is determined by the number of 
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nanofibers along a unit distance perpendicular to the direction of nanofiber alignment, the 
overlapping transfer was carried out in a repetitive manner. The electrospinning time for 
each transfer was fixed at 1 min, and 3 and 12 transfers were performed respectively for 
low and high density. The resultant nanofiber scaffolds were measured using scanning 
electron microscope (SEM, S-48000, Hitachi). From the SEM images, the fiber alignment 
was analyzed by measuring the angles between the longitudinal and vertical directions of 
the fibers. 
 
3.2.3. Thermal extrusion of core structure for rolled-up scaffold 
The PCL has good formability for thermal processing due to its low melting 
temperature at 60°C. We previously developed a polymer melt deposition system for 
fabricating a three dimensional woodpile shape scaffold that was comprised of a number 
of thermally extruded microfibers [65]. In this approach, the microfiber-shaped structure 
was used not only as a core template to provide a tool for rolling manipulation but also as 
a mechanical support of the overall hybrid architecture. Figure 3-1C illustrates the 
thermal extrusion procedure following the prior processes for nanofiber-patterned film 
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fabrication. The system consists of a thermally conductive metal syringe equipped with a 
micro precision needle, a coil heater surrounding the syringe module, a pneumatic 
dispenser delivering compressed air, and a micro-positioning system driven by step 
motors. When the air pressure was applied to the polymer melts stored in the syringe, the 
microfiber-shaped polymer melts were extruded out through the micro needle. The 
initially molten state microfiber was then deposited onto the pre-processed nanofiber film 
surface, and fused with the film as solidified at ambient conditions. The inner diameter of 
the micro needle was 400 μm and the processing temperature of the coil heater was set up 
at 150°C. The applied pressure and the moving velocity of the micro needle were 
controlled in the range of 550~750 kPa and 0.5~2 mm/sec, respectively. Subsequently, the 
nanofiber film structure, even with cultured cells on its surface, could be easily rolled up 










Figure 3-1. Fabrication process of hybrid nanofiber scaffold: (A) spin coating process to 
fabricate a PCL thin film, (B) electrospinning process to secure aligned nanofibers and 
transfer onto the film, and (C) polymer melt deposition process to place a microfiber core 





3.2.4. Cell culture  
All reagents used in the experiments related to cell culture were purchased from 
Sigma Aldrich, unless otherwise specified. C2C12 mouse myoblasts were purchased from 
ATCC and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, GIBCO) 
supplemented with 20 % fetal bovine serum (FBS, GIBCO) and 1 % penicillin-
streptomycin (PS, GIBCO). Prior to cell seeding, all scaffolds were sterilized for one hour 
under ultraviolet irradiation, treated with oxygen plasma for 1 min, and coated with 
fibronectin of 10 mg/mL for one hour at room temperature. The cells were seeded onto 




 and cultured for two days until 
the cells formed a confluent monolayer. 
 
3.2.5. Immunostaining 
C2C12 cells on the scaffolds were gently washed with PBS and fixed with 
3.7 % formaldehyde solution for 10 min. Fixed cells were washed with PBS three times 
and immersed in antibody buffer (0.1 % Triton X-100 and 2 % bovine serum albumin 
(BSA) in PBS) for 15 min to make the cells permeable and prevent unspecific binding of 
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antibodies. After washing three times with PBS, the cells were then sequentially stained 
with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) solution (1:1000) for nucleus 
and phalloidin-TRITC solution (1:400) for actin cytoskeleton for 40 min each. To prevent 
photobleaching, the cells were embedded with a small amount of ProLong Gold antifade 
reagent (Invitrogen) and observed with fluorescence microscopy (Eclipse Ti, Nikon). 
 
3.2.6. Scanning electron microscopy (SEM) measurement 
The nanofiber film scaffolds with C2C12 cells were rinsed with PBS and rolled 
up using the developed method. The samples were fixed with 5 % glutaraldehyde solution 
supplemented with 0.1 M sodium cacodylate and 0.1 M sucrose for 30 min. For further 
fixation, the samples were treated with 1 % osmium tetroxide solution containing 0.1 M 
sodium cacodylate and 0.1 M sucrose for 1 h. After washing three times with PBS, the 
samples were slowly dehydrated by immersing them in ethanol solutions of increasing 
concentration and hexamethyldisilazane (HMDS, J.T.Baker) to prevent collapse of cell 
morphology. The samples were completely dried in a fume hood overnight and were 
observed using SEM (S-48000, Hitachi). 
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3.2.7. Quantitative analysis 
The images of the C2C12 cells stained with DAPI were taken 5 times for each 
sample and used for analysis. Cell orientation was determined by the angle of long axis of 
nuclei against nanofiber alignment direction. Nucleus elongation was calculated by 
dividing the short axis length over the long axis length. In a similar manner, SEM images 












3.3. Results and discussion 
3.3.1. Spin-coating of PCL films 
Figure 3-1 illustrates the process for fabricating a hybrid scaffold consisting of 
electrospun nanofibers supported on a thin film. The overall scaffolds were made of a 
well-known biodegradable and biocompatible polymer, PCL, which is widely used for 
various biomedical applications. Since it has a low glass transition temperature of -60°C 
and exists in a rubbery state at room temperature, the PCL based structure has better 
mechanical compliance than other biodegradable polymers. This property makes it ideal 
for use as a flexible scaffold material. In this research, we exploited the shape-deformable 
characteristic of PCL by employing and integrating three consecutive microfabrication 
methods of spin-coating, electrospinning and deposition of polymer melt. 
 At first, we fabricated a thin PCL film using the spin coating method with 
variables such as angular speed of spinning and polymer solution concentration. It was 
observed that the increase of spinning duration time beyond 30 sec had no significant 
effect on the film thickness (data not shown) because the solution almost solidified from 
the fast evaporation of chloroform that was used as the solvent. Figure 3-2 shows the 
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correlation between film thickness and spinning speed at three different solution 
concentrations of 5, 10, and 20 wt%. As seen from the figure, the relatively thin films 
made from 5 and 10 wt% solutions displayed less dependency on the spinning speed. The 
variations of film thickness between 1000 and 4000 rpm appeared to be approximately 
15% and 18% in the cases of 5 and 10 wt% solutions, respectively. As the solvent 
evaporation occurred in a very short period of time during the spinning, the film 
thicknesses at lower concentrations were less sensitive to the change of spinning speed 
and thus their standard deviations were very small below 0.3 μm. As with the typical spin 
coating process, thicker films were obtained as the solution concentration became higher. 
In the case of 20 wt% concentration, the thickness of all specimens exceeded 15 m from 
1000 to 4000 rpm, and the thickness at 1000 rpm was two times higher than that at 4000 
rpm, suggesting a significant dependency on the spinning speed. Figure 3-3A shows an 
example of the coated film peeled off from the glass substrate. We found that the film 
thicker than 20 μm was sufficiently rigid to manipulate by any tweezers, which was used 
as a basement substrate for a free standing nanofiber-transferred scaffold. As observed in 
other works [66-68], a certain degree of crystallization was found on the surface of PCL 
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film after spin coating as shown in Figure 3-3B and C. Here, the spherulitic crystals that 
were formed regularly on the entire films are believed to yield good mechanical stability 
and formability. When a thick film was spun from 20 wt% solution, however, some 
defects such as trapped or burst bubbles were frequently observed. To remove such 
defective bubbles, the films were heated on a hot plate above the PCL melting 
temperature (100℃) and held undisturbed for 10 min. After cooling back to room 















Figure 3-2. Relationship between film thickness and spinning speed at three different 








Figure 3-3. (A) Thin (left) and thick (right) films were respectively made from 5 and 20 
wt% solutions at a speed of 3000 rpm. The scale bar is 5 mm. Optical microscope images 
of the PCL film surfaces made from (B) 5 and (C) 20 wt% solutions. (D) The thick film 
surface (case D) after removing bubble defects by heat treatment. The scale bar in B is 50 




3.3.2. Electrospinning of PCL nanofibers for sheet-type scaffold  
Next, nanofiber-microfilm hybrid constructs were generated by multiple 
transfers of nanofibers hanging on the void gap collector (Fig. 3-1B). In this way the 
density of collected nanofibers could be controlled in a quantitative fashion. Figure 3-4A 
and B show the resulting fibers of average densities of 108 and 384 fibers/mm with 3 and 
12 transfers, respectively. Such different densities are expected to yield different contact 
guidance cues in the cell seeding experiments. As for nanofiber orientation in this 
scaffold, the fibers placed on PCL film were quantified by measuring the inclined angles 
with respect to the reference direction. As shown in Figure 3-4C and D, all of the 
transferred fibers were distributed within a narrow range of ±25° and more than 90% of 
the fibers were oriented within ±10° to the reference direction. The fiber alignment was 
nearly reproducible for every single-step electrospinning process, indicating that the 
nanofiber transfer repetition in both cases of 3 and 12 transfers did not significantly 
impair the fiber alignment.  
 Recently, a number of studies on contact guidance have been conducted via 
template-assisted techniques such as electrochemical deposition, soft lithography, and 
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nanoimprinting [69]. Although they provide reproducible construction of nanoscaffolds 
with high precision, the electrospun nanofibers have an advantage in terms of direct 
transplantation in their initial architecture. In order to demonstrate the feasibility of the 
developed nanofiber-based scaffold, C2C12 myoblasts were cultured for two days and 
morphological changes were analyzed from immunofluorescent imaging. We employed 
three types of scaffolds: i) flat film without nanofiber, ii) nanofiber scaffold of low 
density (3 transfers) and iii) that of high density (12 transfers). As shown in Figure 3-5, 
the nuclei and cytoskeletons of cells appeared to align along the unidirectionally oriented 
nanofibers. Also, the nuclei stained with DAPI showed that the nanofibers on film gave 
rise to elongated morphology in the direction along the fiber alignment. In contrast, 
neither the cell alignment nor elongated morphology was shown for the cells cultured on 
a flat PCL film surface without fibers.  
 For quantification, the distribution of aligned cell morphology was analyzed 
using angular mapping plots as shown in Figure 3-6 (A-B). On the scaffolds without 
nanofibers, it is seen that the cell alignment and elongation were hardly observed (Figure 
3-6A and D). On the other hand, the cells grown on nanofiber scaffolds with 3 and 12 
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transfers showed distinct alignment and elongation guided by the nanofibers as shown in 
Figure 3-6 (B-D). As the nanofiber density increased from 108 (3 transfers) to 384 
nanofibers/mm (12 transfers), both morphological changes of alignment and elongation 
became more pronounced. The correlations between fiber density and cell morphology 
were identified in accordance with the previous work [70]. It is noteworthy that a 
nanofiber set of relatively low density also provided the desired morphological changes 
similar to a high-density fiber set, while recognizing that a considerable amount of cells 
were still not affected by the fibers due to the larger fiber spacing. When considering the 
confluent state of cultured cells as shown in Figure 3-5, the cells aligned directly by 
nanofibers seemed to affect the shape of adjacent cells due to tight cell-cell interactions 











Figure 3-4. SEM images of the repetitively cropped nanofibers on PCL films: (A) 3 
transfers and (B) 12 transfers. Angular mapping plots to quantify nanofiber alignment: 
(C) 3 transfers (n=70) and (D) 12 transfers (n=100). (E) Photograph of sheet-type hybrid 








Figure 3-5. Diffraction interference contrast images (first column) and 
immunofluorescent staining images of cells cultured on flat PCL film (first row), 
nanofiber-integrated scaffold with 3 transfers (second row) and 12 transfers (third row). 
DAPI, F-actin and their merged stack are arranged in the second, third, and fourth column, 








Figure 3-6. Angular mapping plots to quantify cell alignments of (A) flat PCL film and 
(B) nanofiber-integrated scaffold with (B) 3 transfers and (C) 12 transfers. (D) Degree of 





3.3.3. Rolling of PCL nanofibers for rod-type scaffold 
One of the crucial factors for an ideal scaffold is to offer a three-dimensional 
(3D) mechanical support for tissue growth. Since electrospun nanofiber structures are too 
subtle to provide the mechanical support for scaffolds, a number of studies have been 
made towards a stiff microstructure so as to overcome the inherent delicacy and two-
dimensional limitation of nanofibers [64, 71-73]. To this end, 3D roll-type nanofiber 
scaffolds are demonstrated here by incorporating a core microfiber structure by polymer 
melt extrusion. Figure 3-7A shows the relation of the extruded microfiber radius versus 
the velocity of needle movement at two different applied air pressures. These results 
imply that the dimension of core structure could be adjusted as shown in Figure 3-7B and 
C, allowing for a simple route to controlling the final size of rolled scaffold. The 
dimensional variation could be further tailored by adopting different sizes of micro 
needles. As mentioned earlier, the microfiber structure was aimed to facilitate the rolling-
up process; it was used to pack the planar nanofiber film around the core microfiber as 
shown in Figure 3-8A and B. For the basement substrate, a thin film made from 10 wt% 
solution yielding a thickness less than 10 μm was used for its enough flexibility to be 
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rolled up.  
The rolling-based manipulation was even possible after culturing cells on the 
nanofiber film. As the region of cell-nanofiber construct on the film could be intact in the 
course of careful handling of microfiber, the cell structures on the nanofiber scaffold were 
not damaged during the rolling procedure as shown in Figure 3-9. Also, the nanofiber-
induced cell alignments in both cases of 3 and 12 transfer scaffolds were not impaired 
(Fig. 3-9(C-F)). The mechanical properties of constituent components, such as nanofiber 
and micro thin film, were fairly compliable and flexible enough to retain their assembly. 
It is worthwhile nothing that the ability to embed cells in a rolled 3D scaffold would be 
beneficial when it is needed to retain the final shape of scaffolds after completing cell 
culture. If the cell culture is carried out on a 3D shape scaffold by simple top-seeding 
method, one would encounter various problems such as difficulties of cell penetration and 
nutrient/waste exchange. In future studies, more detailed cell experiments with handling 
the sheet scaffolds will be performed to determine the potential biofunctional significance 




Figure 3-7. Results of thermally extruded microfibers. (A) Plots of microfiber radius vs. 
needle movement velocity at different applied pressures of 550 and 750 kPa. Optical 
microscopy images of microfibers fabricated by needle movement of (B) 0.5 and (C) 1.5 





Figure 3-8. Photograph of rolling process and (E) SEM image of the resulting roll 






Figure 3-9. (A, B) Schematic diagrams of rolling process with embedding cells on 
nanofiber film scaffold. SEM images of the cultured cells (C, E) before and (E, F) after 
the rolling process. (C, D) 3 transfers and (E, F) 12 transfers of nanofibers were 
respectively performed on the scaffold for cell culture. 
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3.4. Summary 
The present study has introduced our initial effort to utilize nanofiber scaffold in 
practical ways via some physical manipulation such as nanofiber alignment or scaffold 
rolling. Spin-coated PCL films with varied thicknesses enabled nanofiber manipulation 
for the development of sheet-type scaffolds. The film thickness could be modulated by 
adjusting solution concentration rather than spinning speed because of the highly volatile 
property of chloroform used as the solvent. Well-aligned nanofibers were transferred onto 
the film with multiple times (≤ 12), which have proven effective to provide contact 
guidance cues on cultured cells. As expected, the presence of nanofibers yielded 
morphological changes of myoblasts into aligned and elongated shapes. In addition to 
sheet-type scaffolds, we developed rod-shaped roll constructs by exploiting the 
mechanical support of thermally extruded microfiber and the flexibility of nanofiber-film 
complex. The rolling process could be carried out without any appreciable damage to 
cultured cells. These results collectively suggest that the hybrid fabrication method 
presented here has the potential to overcome various obstacles involved in practical uses 
of the nanofibrous scaffold in clinical settings or other tissue engineering applications. 
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Chapter 4. Aligned nanofibrous membrane as a versatile 
tool for cell sheet manipulation and cell-dense 3D 




Current tissue engineering technology has matured with two major techniques, 
namely, the application of premade porous scaffolds seeded with or without cells [74, 75] 
and the direct transplantation of cells with hydrogels [76]. The former, namely scaffold-
based strategy, possesses great advantages for regulation of cellular activity amechanical 
support by virtue of the scaffold micro- and macro- architecture. Although a number of 
biomaterials and processing techniques have been successful for a lot of clinical trials,  
they still have concerns for inflammatory responses caused by physiological and 
mechanical mismatch of the implanted scaffold material with host diseased area.  
As another approach to the cell-based regenerative therapy, cell sheet 
engineering with no use of scaffold, or at least, has attracted much attention. The cell 
sheet engineering aims to harvest confluently cultured cells in an intact sheet-like form 
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without any damage of cell-cell attachment. The thermoresponsive culture surface, 
representatively poly-N-ispropylacrylamide (PNIPAAm), has been exploited for 
dissociation of the cell sheet which is a core procedure in the cell sheet engineering [77]. 
PNIPAAm becomes switchable between hydrophilic and hydrophobic surface at a critical 
temperature of 32℃, thus the cell attachment and detachment from culture substrate can 
be modulated by simple temperature changes. In contrast to enzymatic digestion as a 
usual method for cell dissociation, the cell sheet detachment using thermoresponsive 
polymer substrate allows to preserve not only the cell-to-cell junction but also the 
extracellular matrix (ECM) underlying the cell sheet. Taking advantage of this 
characteristic, PNIPAAm surfaces have been developed in a variety of forms, including 
silicon, tiissue culture polystyrene (TCPS), and polydimethylsiloxane (PDMS) [78-80]. 
Although the cell sheet techniques have been successful for various tissue engineering 
applications, the inherent mechanical instability and delicacy of cell sheets still make it 
difficult to manipulate them for practical transplantation. Furthermore, the preparation of 
such thermoresponsive surface could require labor-consuming tasks and cautious 
optimization of the processing parameters. 
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Some of native tissues, such as skeletal muscle tissue, have a unidirectional 
alignment in their anatomic microstructures. As the anisotropic organization of cell or 
ECM determines the physiological functions of tissues, it is extremely important to 
realize the biomimetic anisotropy in the cell sheets. Recently, a growing number of 
patterning techniques based on the thermoresponsive polymer have been introduced to 
produce the cell alignment in the cell sheets. For instance, Lin et al. presented a 
PNIPAAm-grafted surface based on microtextured PDMS substrate using traditional soft 
lithography [80]. Takahashi et al. showed a PNIPAAm stripe micropattern utilizing site-
specific grafting method with hydrophilic polymer that has a repellent property for cell 
adhesion [81]. In those works, they discussed the shrinkage of detached cell sheets. The 
stresses on the aligned cell sheet caused more shrinkage along the direction of pattern 
alignment. It naturally follows the need for a mechanical support frame to prevent the 
uneven shrinkage in the cell sheets.  
Here we introduce a simple method to build and manipulate cell sheets utilizing 
electrospun nanofibrous membrane as a tool. The nanofibers were integrated with a 
PDMS assembly involving a well for cell culture. After myoblasts were cultured to a 
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confluent state and formed a sheet-like structure, the cell sheet could be detached without 
any damage and contraction of the sheet structure by lifting off the nanofiber sieve. We 
demonstrated the feasibility of this dissociation method by immunofluorescent 
microscopic visualization of the cell morphology and the live/dead cell assay. 
Furthermore, it was observed that the nanofiber configuration optimized by control of 
fiber density could strengthen the structural stability of cell sheet and the nanofiber-
guided cell orientation. Finally, we verified that even ordinary PDMS surface provided 
the same availability for base substrate of cell dissociation as PNIPAAm-grafted surface. 
These characteristics reported in this article would be appropriate for creating more 








4.2. Materials and methods 
4.2.1. Fabrication of aligned nanofibrous membrane 
Figure 4-1A illustrates the overall procedures to fabricate the device for cell 
sheet formation and manipulation. The device was comprised of a set of nanofiber array 
and two PDMS blocks involving a cell culture well in the upper block. The silicon resin 
and the curing agent (Sylgard 184 PDMS kit, Dow Corning, Midland, MI) were mixed at 
10:1 weight ratio. A certain quantity of the PDMS prepolymer mixture was poured over 
petri dish to obtain approximately 2 mm and 5 mm thick slabs, which were used as base 
substrate and well barrier respectively. After curing at 70℃ for 1 h, the PDMS slabs were 
peeled off from the dishes and cut into square-shape blocks with a sharp blade. Hole was 
punched through the each 5 mm thick block for forming the cell culture well.  
Polycaprolactone (PCL, average MW 80000, Sigma) was employed as the 
electrospun nanofiber material. Base solvent was prepared by mixing chloroform (Sigma) 
and N,N-dimethyformamide (DMF, Sigma) at a volume ratio of 75/25. The PCL granules 
were dissolved into the base solvent at a concentration of 20 wt%. The PCL solution was 
electrospun from the system consisting of a 23-gauge needle, a high-voltage power 
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supply and a syringe pump. The applied voltage and the infusion rate were 15 kV and 1.5 
ml/h respectively. We previously reported on the fabrication process to build a well-
aligned nanofiber array [64]. Using two separate metal strips arranged perpendicularly, 
we could obtain well-oriented nanofibers across the strip gap and transfer the nanofibers 
onto any kind of substrate. The more detailed information about the collecting 
mechanisms is described in our previous works [64, 70]. In order to crop the well aligned 
nanofiber, we used the developed electrospinning method and fixed the spinning time at 1 
min. The nanofibers were transferred onto a surface of the punched PDMS block 
prepared in advance. Prior to the nanofiber transfer, the PDMS block surface was treated 
with oxygen plasma for 1 min (0 W, PDC-32G, Harrick Scientific) to enhance the charge-
induced adhesion with positively charged nanofibers. The nanofiber sieves with 
quantitatively controlled fiber densities were fabricated by varying the number of 





4.2.2. Characterization of aligned nanofibrous membrane 
 To investigate fiber diameter and orientation of fabricated nanofibrous 
membranes, samples were observed with scanning electron microscope (SEM, S-48000, 
Hitachi) and analyzed using ImageJ software. For measurement of membrane thickness, 
images of the samples were obtained using atomic force microscope (AFM, Park 
systems) and analyzed using XEI software (Park systems). 
 
4.2.3. Cell culture 
 Murine skeletal muscle cell line (C2C12), mouse embryo fibroblast cell line 
(NIH-3T3) and human foreskin fibroblast cell line (HS68) were purchased from 
American Type Culture Collection (ATCC). Human umbilical vein endothelial cells 
(HUVECs) were purchased from Lonza. The cells except for HUVECs were maintained 
with Dulbecco’s modified eagle medium (DMEM, Gibco) supplemented with 10 % fetal 
bovine serum (FBS, Hyclone) and 1 % penicillin-streptomycin (PS, Hyclone) (growth 
medium, GM) and HUVECs were maintained with EBM-2 medium supplemented with 
EGM-2 bullet kit (endothelial growth medium, EGM, Lonza). 
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To induce myogenic differentiation, the cultured C2C12 cells were shifted to 
DMEM supplemented with 2 % donor equine serum (Hyclone) and 1 % PS 
(differentiation medium, DM) cultured for 7 days with changing DM every other day. 
 
4.2.4. Manipulation and layer-by-layer stacking of detached cell sheets 
 Nanofibrous membrane and base PDMS substrate assemblies were treated with 
oxygen plasma for 1 min to enhance surface hydrophilicity and sterilized with UV light 
for 2 h. Sequentially, the samples were treated with poly-D-lysine solution for enhancing 
initial cell adhesion and washed with 1X phosphate buffered saline (PBS, Hyclone) for 2 




 for C2C12 




 for other cells. After the cells reached confluent state, 
nanofibrous membrane with cell sheet, upper part of assemblies, was carefully detached 
from base PDMS substrate using sharp tweezers and transferred to cell culture dish.  
 Layer by layer stacking procedures were schematically described in figure 4-1B. 
Because aligned nanofibers maintained their morphology by applied tension, removal of 
tension by cutting or detaching from structural frame resulted in loss of nanofiber 
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alignment. In conjunction with nanofibers, detached cell sheets on nanofibrous 
membranes lost their morphology when detached from structural frame. Thus structural 
frame was essential for stable manipulation of detached cell sheet during layer-by-layer 
stacking procedures. Punched PDMS frame, however, was not adaptable for stacking 
process due to its low mechanical property and difficulty of precise fabrication. Thus, we 
used three types of laser-cutted acrylic frame instead of punched PDMS frame used in 
above (i. e. 23 × 23 mm
2
 with 20 × 20 mm
2
 through hole, 26 × 26 mm
2
 with 23 × 23 mm
2
 
through hole and 29 × 29 mm
2
 with 26 × 26 mm
2
 through hole). All of other parameters 
except for frame were identical. Layer-by-layer staking of detached cell sheet was 













Figure 4-1. Schematic diagrams of (A) cell sheet detachment and manipulation using 
nanofibrous membranes and (B) layer-by-layer stacking of detached cell sheets to form 





4.2.5. Tube formation assay 
 Growth factor reduced basement membrane matrix (Matrigel) was purchased 
from BD Biosciences. A small amount of Matrigel was dropped on prechilled glass 
coverslip with PDMS reservoir and then carefully covered with detached endothelial cell 
sheet. Consequently, same amount of Matrigel was dropped on the cell sheet and 
incubated to induce gelation for 30 min. After gelation, the samples were immersed with 
EGM and cultured for 5 days. 
 
4.2.6. Immunostaining 
 For immunostaining, cultured cells at appropriate time point were washed with 
PBS for 3 times and fixed with chilly 4 % paraformaldehyde solution for 15 min at room 
temperature. Fixed cells were permeabilized with 0.2 % Triton-X solution (Sigma) for 15 
min and blocked with blocking solution containing 3 % bovine serum albumin (BSA, 
Sigma) in PBS to prevent non-specific binding of antibodies for 1 h. Then, the samples 
were immersed in antibody solutions and incubated for 1 h. Antibodies used in this study 
are phalloidin-TRITC (1:500, Sigma) for f-actin, 4',6-diamidino-2-phenylindole (DAPI, 
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1:1000, Sigma) for nucleus, anti-arcomeric α-actinin produced in mouse (1:500, Sigma) 
as a primary antibody for myotube, anti-mouse IgG conjugated with Alexa 488 produced 
in goat (1:500, Invitrogen), anti-mouse IgG conjugated with Cy3 produced in goat (1:500, 
Molecular Probes) as a secondary antibody for myotube, and Alexa 488 anti-human 
CD31 antibody conjugated with Alexa 488 (1:200, clone WM59, BioLegend) for platelet 
endothelial cell adhesion molecule-1 (PECAM-1). Immunofluorescent images were taken 
using FluoView FV1000 confocal laser scanning unit with the IX81 inverted microscope 
(Olympus) and EVOS®  FL (Life technologies) fluorescent microscope. To get 3D 
reconstructed images of fabricated engineered tissues, IMARIS software (Bitplane) was 
used. 
 
4.2.7. Quantitative and statistical analysis of the cells 
 The quantification analysis presented in this study such as cellular orientation, 
nucleus elongation, number of myotubes and maturation index were analyzed with 
ImageJ software. For statistical analysis, Kruskal-Wallis one-way ANOVA on rank test 
for comparison of more than three groups were performed using Sigmaplot software. 
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4.3. Results and discussion 
4.3.1. Fabrication and analysis of aligned nanofibrous membrane 
To mimic extracellular matrix environment surrounding muscle cells, 
polycaprolactone (PCL), one of biodegradable polymers was selected due to its properties 
of electrospinning suitability and functional modification [82-84]. To fabricate aligned 
nanofibers, electrospinning based on inclined gap method which enabled transfer of 
nanofibers for nanofiber density control was used. In general, the longer spinning time in 
the electrospinning process, the more increased nanofibers can be collected. However, 
loss in nanofiber alignment was observed at longer collection time. Thus, we controlled 
the density of collected nanofibers by repetitive transfer at a fixed spinning time of 1 min.  
As shown in figure 4-2A, electrospun nanofibers showed ~ 750 nm in diameter 
and increased fiber density (number of nanofibers perpendicular to alignment axis) as 
repeating transfers. A single transfer of nanofibers served the fiber density of 32 
fibers/mm in average. The number of transfer times was increased up to 3 and 6, the 
higher line densities were followed respectively to 79 and 173 fibers/mm in average. In 
addition, distributions of nanofiber orientation shown in figure 4-2B suggest that all of 
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nanofibers were within 25 ˚ to the alignment axis regardless of the number of transfer.  
To investigate thickness of fabricated nanofibrous membranes with various 
nanofiber densities (TR #1, #3 and #6), samples were analyzed by atomic force 
microscope. Through 3D profiles and cross-sectional profiles of the samples shown in 
figure 4-3, thickness of nanofibrous membrane was ~ 750 nm at single nanofibers and ~ 
1.5 μm at points where two nanofibers were overlapped, which is summed value of 
diameters of two nanofibers. Points which were overlapped more than three nanofibers 
were barely observed in low magnification optical images. 
In addition, porosity and distance between nanofibers of nanofibrous membranes 
were analyzed due to demonstration of their potentials as a tool which could serve enough 
spaces for cellular infiltration. Nanofibrous membranes showed very high porosity of 
95.250, 88.229 and 76.214 % for TR #1, #3 and #6 respectively (figure 4-4A). Distance 
between nanofibers distributed in a wide range from 0 μm to several hundreds μm and 
showed average distance of 26.836, 9.684 and 6.465 μm, which values were smaller than 
average diameter of the cells except for TR #1 (figure 4-4B). However, cellular 
infiltration seemed to be possible because there were many points wider than diameter of 
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Figure 4-2. (A) Representative SEM images of nanofibrous membranes with various 
number of transfers (1, 3 and 6 times). (B) Distributions of nanofiber orientation of each 
nanofibrous membranes (n = 142, 182 and 181 for TR #1, #3 and #6 respectively). The 








Figure 4-3. Representative atomic force microscope images and cross-sectional profiles 
of (A) flat, (B) TR #1, (C) TR #3 and (D) TR #6. Thickness of nanofibrous membranes 
was ~ 750 nm which was identical value of single nanofiber except for overlapped points 






Figure 4-4. (A) Porosity and (B) distribution of distance between nanofibers. 5 samples 
for each case were analyzed for porosity analysis and total 200 points of 5 samples for 
each case were measured for distance analysis. 
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4.3.2. Detachment of various types of cell sheet 
 Though PDMS has widely used in biological researches due to its 
biocompatibility, additional chemical/ECM protein treatment is required to compensate 
its poor cell adhesion property. In accordance with previous researches, we observed that 
confluent C2C12 cell layer on PDMS substrate was easily delaminated from the surface 
as a sheet when slight deformation was applied to the substrate (figure 4-5). Inspired from 
this finding, we hypothesized that there may be minimal nanofiber density which enables 
stable manipulation of detached cell sheet with maintenance of induced cellular 
morphology. To verify our hypothesis, we cultured various types of cells including 
myoblasts, fibroblasts and endothelial cells on nanofibrous membranes with different 
densities and detached when they formed confluent cell sheet. Entire procedures of cell 
sheet detachment and manipulation is illustrated in figure 4-1A.  
 As shown in figure 4-6A, all of cell types cultured on TR #6 were successfully 
detached as a sheet without notable defects. In addition, fluorescent images of transferred 
cell sheets except for HUVECs sustained their aligned morphology as before detachment 
(figure 4-6B). In case of HUVECs, the cells seemed to be aligned along nanofibers just 
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after cell seeding, however, morphology of the cells was gradually changed to polygonal 
shape as the cells reached confluent state. Thus transferred endothelial cell sheet also 

















Figure 4-5. (A) Photograph of delaminated C2C12 cell sheet cultured on PDMS substrate. 
Significantly reduction in size was observed due to loss of cellular morphology after 







Figure 4-6. (A) Photographs of detached various cell sheets using TR #6 nanofibrous 
membrane. (B) immunofluorescent images of transferred cell sheets for f-actin 
cytoskeleton, endothelial cell-specific CD31 and DAPI. Morphologies of the cells were 





4.3.3. Formation of 3D engineered muscle tissue 
4.3.3.1. Effect of nanofiber density on morphological change of C2C12 cells 
 To investigate effects on cellular orientation and elongation according to various 
nanofiber densities, we cultured C2C12 myoblasts on various densities of nanofibers and 
analyzed cellular orientation and nucleus elongation from immunofluorescent images. 
Figure 4-7 shows representative fluorescent images for the cells cultured on bare 
PDMS substrate for control and nanofibrous membrane with various densities. The cells 
on bare PDMS substrate showed randomly oriented and round morphology. In contrast, 
the cells on relatively high fiber densities (TR #3 and TR #6) showed highly aligned and 
elongated morphology with well-developed actin stress fiber along nanofiber direction 
but the cells on relatively low fiber density (TR #1) showed intermediate state between 
control and high fiber densities. To verify these findings, we analyzed distributions of 
cellular orientation for all cases and plotted in figure 4-8A together. As expected, the cells 
showed increased alignment ratio (number of highly aligned cells within ± 20˚ / total cell 
number) of 0.361, 0.469, 0.777 and 0.890 for control, TR #1, TR #3 and TR #6 
respectively. 
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Similarly, nuclei of the cells showed more elongated shape and increased 
average nucleus aspect ratio (length of long axis/length of short axis) of 1.520, 1.533, 
1.976 and 2.057 for control, TR #1, TR #3 and TR #6 respectively (figure 4-8B). Notable 
finding was that there were statistical significances of nucleus elongation between control 
group and relatively high nanofiber density groups (TR #3 and TR #6), whereas no 
statistical significance was observed between control group and TR #1 group. These 
results indicate that there is minimal fiber density for inducing sufficient nucleus 












Figure 4-7. Representative immunofluorescent images of f-actin cytoskeleton and 
nucleus for identification of cellular alignment. As increasing of number of transfers, 





Figure 4-8. Results of (A) cellular orientation and (B) nucleus elongation analysis (n = 
200). Enhanced cellular alignment and nucleus elongation were observed as increasing 
nanofiber density. For comparison of nucleus elongation between groups, Kruskal-Wallis 
one-way ANOVA on rank test was performed. Asterisk indicates *p < 0.05. 
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4.3.3.2. Effect of nanofiber density on myogenic differentiation 
 Structural feature of native skeletal muscle tissue is a densely packed bundle of 
uniaxially aligned multinucleate myotubes which play a role in generating uniaxial 
contractile force. Thus, uniaxial alignment and formation of large numbers of myotubes 
in unit area are key issues in muscle tissue engineering. To investigate effect of 
nanofibrous membrane with various nanofiber densities on myogenic differentiation, we 
carried out immunostaining for identifying myotube sturcture, quantification of myotube 
orientation for determining degree of alignment and quantification of number of 
myotubes in unit area and maturation index for determining degree of differentiation.  
Figure 4-9 shows representative images of myotubes on various densities of 
nanofibrous membrane. Similar to alignment tendency of myoblasts, increased alignment 
tendency was observed as increasing nanofiber density. Alignment ratio of the myotubes 
was 0.199, 0.778, 1 and 1 for control, TR #1, TR #3 and TR #6 respectively (figure 4-10). 
Namely, all of the myotubes on intermediate and high nanofiber density were within 20 ˚ 
with respect to axis of nanofiber alignment.  
Average number of myotubes per mm
2
 was 83.4, 120.6, 115.6 and 104.8 and 
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average maturation index (number of myotubes with more than 5 nuclei/total number of 
myotubes) was 0.775, 0.659, 0.818 and 0.810 for control, TR #1, TR #3 and TR #6 
respectively (figure 4-11A and B). Taken together, cellular fusion of the cells on control 
occurred in not only longitudinal but also horizontal direction which resulted in thick but 
less myotube formation. In contrast, long but relatively thin myotubes along nanofibers 
were observed on TR #3 and TR #6, which indicated that longitudinal cellular fusion was 













Figure 4-9. Representative immunofluorescent images of differentiated myotubes on 
nanofibrous membranes with various nanofiber densities. Well-developed multinucleated 
myotubes along nanofiber direction was observed on TR #3 and #6. The scale bar 






Figure 4-10. Distributions of myotube orientations on nanofibrous membranes with 






Figure 4-11. Quantitative analysis of (A) number of myotubes in unit area and (B) ratio 
of mature myotubes with more than 5 nuclei for investigating degree of differentiation. . 
For comparison of groups, Kruskal-Wallis one-way ANOVA on rank test was performed. 
Asterisks indicate *p < 0.05 and **p < 0.01. 
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4.3.3.3. Formation of 3D engineered muscle tissue by LBL stacking 
 As shown in figure 4-12A, detached cell sheets on the membrane with low and 
intermediate nanofiber density (TR #1 and TR #3) were fractured during or after 
detachment. In contrast, detached cell sheets on the membrane with high nanofiber 
density (TR #6) were stably maintained sheet form with high viability (figure 4-12B). 
Success rates of cell sheet detachment were 0 %, 15 % and 100 % in 20 trials for TR #1, 
TR #3 and TR #6 respectively. This result indicated that nanofiber density of TR #6 (173 
fibers/mm) was minimal density for stable cell sheet detachment and manipulation. 
To investigate whether cellular morphology and nucleus elongation maintained 
after transfer, detached cell sheets were transferred to cell culture dish and stabilized for 2 
h then analyzed. From representative fluorescent images of transferred cell sheets shown 
in figure 4-12B and C, aligned actin stress fibers and elongated nucleus were clearly 
observed with high viability. In addition, there was no significant difference between 
distribution of cell orientation at before and after transfer (figure 4-13A). Nucleus 
elongation was slightly decreased from 2.057 to 1.909 after transfer. It might be local 
recovery of nucleus elongation at nanofiber-free area (figure 4-13B). However, decreased 
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value of nucleus elongation after transfer showed no statistical significance compared 
with value of nucleus elongation on TR #3. This result indicated that mechanical stimulus 
exerted on the cells is sustained in similar degree with TR #3. 
Using detached cell sheets as building blocks, 3D engineered tissues were 
successfully fabricated by layer-by-layer stacking. As mentioned above, stacking process 
was achieved by assembling cell sheet with smaller frame to cell sheet with bigger frame. 
Three dimensional engineered tissues with two and three layers of cell sheets stacked in 
parallel and perpendicular manners were shown in figure 4-14 and 4-15. Each cell sheet 
in engineered tissue shows sustained cellular morphology as before detachment. 
Resulting thicknesses were ~ 10 um and ~ 15 um for two and three layers respectively.  
To fabricate functional engineered muscle tissue, samples with two layers of 
myocytes were differentiated for 7 days. Similar with the result of myogenic 
differentiation in 2D, longitudinally well-developed myotubes along nanofibers were 






Figure 4-12. (A) Photographs of detached cell sheets using various nanofibrous 
membranes. Only cell sheet on TR #6 successfully detached from base PDMS substrate. 
Notable morphological changes and damages were not observed through (B) 
immunofluorescent images of f-actin cytoskeleton and viability test. The scale bars 
indicate 1 cm for A and 100 μm for B and C. 
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Figure 4-13. (A) Comparison of cellular orientation distributions between before and 
after detachment. Cellular alignment sustained after detachment. (B) Nucleus elongation 
was slightly decreased after detachment, but sustained the level similar with the cells on 
TR #3 before detachment. For comparison of nucleus elongation between groups, 







Figure 4-14. Immunofluorescent images of 3D engineered tissue formed by stacking 2 
layers of cell sheets in parallel manner. The scale bars indicate 100 μm in planar images 








Figure 4-15. Immunofluorescent images of 3D engineered tissue formed by stacking 3 
layers of cell sheets in perpendicular manner. The scale bars indicate 100 μm in planar 







Figure 4-16. Immunofluorescent images of functional 3D engineered tissue formed by 
induction of myogenic differentiation of 2-layered tissue. The scale bars indicate 100 μm 










Figure 4-17. 3D reconstructed image of functional 3D engineered tissue. The scale bar 





4.3.4. Formation of vascularized 3D engineered skin tissue 
4.3.4.1. Tube formation of endothelial cell sheet embedded in Matrigel 
 In vitro tube formation assay based on Matrigel have been widely used due to 
not only Matrigel itself has a potential of inducing vasculogenesis but also it is 
convenient to screen the effect of various factors [86]. Therefore, detached endothelial 
cell sheet was embedded in Matrigel matrix as shown in figure 4-18A to determine 
whether the endothelial cells maintained their ability of forming vascular networks or not. 
At day 0, embedded endothelial cell sheet maintained their interconnected 
morphology as before detachment. However, local disconnection of cellular junctions and 
formation of tube-like structures were observed at day 1 and well-organized tube-like 
structures were formed over the entire region at day 5 (figure 4-18B). To evaluate 3D 
structure of formed tube-like structures, immunostaining was performed at day 5 and 
analyzed using confocal microscope. Similar with optical microscope images, well-
organized tube-like structures were observed from the fluorescent images and 3D 
reconstructed image shown in figure 4-19A and B. These results indicated that detached 
endothelial cell sheet sustained their ability to form vascular networks. Interestingly, 
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endothelial cells did not penetrate into the gel layers which resulted in restricted 
formation of tube-like structures on nanofibrous membrane (figure 4-19A). These results 
might be related with stiffness of surrounding Matrigel matrix. On soft matrix such as 
Matrigel and low concentration collagen gel, endothelial cells were known to show 
suppressed proliferation and invasion which were essential cellular behaviors for 















Figure 4-18. (A) Schematic illustration of tube formation assay for endothelial cell sheet 
embedded in Matrigel. (B) Time-lapse microscope images of transferred endothelial cell 







Figure 4-19. (A) Planar and cross-sectional fluorescent images and (B) 3D reconstructed 
image of tube-like structures at day 5. The scale bars indicate 100 μm. 
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4.3.4.2. Vascularized 3D engineered skin tissue formation by LBL stacking 
 In this experiments, mouse embryo fibroblast cell line (NIH-3T3) and human 
foreskin fibroblast cell line (HS68) was used as a model cells for making 3D skin tissue 
in vitro. To determine feasibility of stacking different cell sheets, detached endothelial cell 
sheet was stacked on HS68 cell sheet. Fluorescent images shown in figure 4-20 and 
reconstructed 3D image shown in figure 4-21 which were taken 4 h after stacking 
confirmed that stacking process was successfully accomplished without any 
morphological change. To investigate vasculogenic behavior inside 3D engineered skin 
tissue, furthermore, endothelial cell sheet was stacked between two HS68 sheets and two 
NIH-3T3 sheets and entire tissue constructs were cultured for additional 5 days. As 
shown in figure 4-22, sandwiched endothelial cells between HS68 sheets successfully 
formed lumenized vascular networks. These results were well coincident with previous 
research which demonstrated that endothelial lumens could be detectable after culturing 5 
more days after stacking process [90]. In contrast, endothelial cells between NIH-3T3 
sheets formed tube-like structures at day 3 (figure 4-23A), but they cannot sustained their 
structures and degenerated at day 5 (figure 4-23B). Taken together, formation and 
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Figure 4-20. Immunofluorescent images of HUVEC sheet stacked on HS68 human 
fibroblast sheet in parallel manner. The scale bars indicate 50 μm in planar images and 25 










Figure 4-21. 3D reconstructed image of HS68-HUVEC tissue construct. The scale bar 










Figure 4-22. Immunofluorescent images of HS68-HUVEC-HS68 tissue construct stacked 
in parallel manner at day 5. (A) Planar image and (B) 3D reconstructed image of 
vascularized tissue construct. (C) Cross-sectional image of vascular lumens inside tissue 







Figure 4-23. Immunofluorescent images of 3T3-HUVEC-3T3 tissue construct stacked in 
parallel manner at (A) day 3 and (B) day 5. Degeneration of formed tube-like structures 





The major aim of this study was to demonstrate that thin, highly porous and 
aligned nanofibrous membrane could be used as a tool for cell sheet manipulation and 
formation of various cell-dense 3D engineered tissues in vitro.  
Since cell sheet engineering based on PNIPAAm which is one of 
thermoresponsive polymers was suggested by Okano group, cell sheet engineering have 
attracted great attentions as a reliable method for formation of diverse 3D engineered 
tissues such as cardiac, skeletal muscle and skin tissue with vascular network for the 
reasons of simple cell sheet formation by dropping temperature below 20 ˚C, capacity of 
thick cell-dense 3D engineered tissue formation and easy implantation. Compared with 
previous researches, our method suggested in this study is noteworthy as another 
approach which enables cell sheet engineering based on well-known electrospinning 
method without any morphological changes between before and after transfer. In addition, 
because electrospinning method has a potential for fabricating functional nanofibers by 
adopting various growth factors and/or drugs, we expect that enhancement of cellular 
functions and controlled release of loaded drugs could be achieved. 
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 Undoubtedly, because the current experimental method requires frame for 
maintaining tension of nanofibers, effective area is reduced as increasing number of 
stacking. In relation to tensional maintenance, collection problem of 3D engineered 
tissues without any morphological changes for in vitro implantation has to be solved 
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본 학위 논문은 조직공학응용을 위한 멀티스케일의 2 차원 및 3 차원 제작 
기법의 개발을 목적으로 한다. 세부적으로 모세관력 리소그라피 (Capillary 
force lithography, CFL)을 이용해 정밀하게 제작된 멀티스케일 패턴을 분석 
플랫폼으로 이용하여, 세포의 기능 발현 향상을 위한 최적의 패턴 형상을 
탐색하였다. 또한 기존의 전기방사 (Electrospinning) 기법에 기반하여, 
세포가 부착된 나노 섬유를 말거나, 적층하는 새로운 제작 기법을 제시하여 
세포 밀도가 높은 3차원 체외 조직의 형성을 가능하게 하였다. 
세포를 둘러싼 세포외기질 (Extracellular matrix, ECM)은 친수성의 
나노섬유로 이루어진 구조를 가지며, 세포 부착, 증식, 이동, 분화 등의 
다양한 세포 기능의 조절에 필수적인 기계적, 생화학적 자극을 제공하는 
역할을 한다. 따라서, 조직공학에의 적용을 위해서는 세포외기질 환경이 
모사된 2 차원, 3 차원 담체 (Scaffold) 제작 기법의 개발이 선행되어야 한다. 
이를 위하여, 자외선 경화성 재료를 이용한 모세관력 리소그라피를 바탕으로 
나노 구조물에 의한 세포 기능 조절 분석을 위한 2 차원 플랫폼의 제작 
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기술을 개발하고, 그 응용으로 나노 구조물의 기하학적 형상이 
지방세포분화에 미치는 영향을 분석하였다. 그 결과, 세포가 선형 나노 패턴 
사이로 침투하여 높은 접촉 유도 경향을 경우 향상된 분화 정도를 보이는 
것을 확인할 수 있었다. 이는 향상된 세포와 표면간의 상호작용이 지방세포의 
분화에 있어서 중요한 역할을 한다는 것을 의미한다. 
다음으로, 세포외기질 환경을 반영한 세포 밀도가 높은 3 차원 체외조직의 
형성을 위하여, 경사 갭 기법 (Inclined gap method)을 이용하여 제작된 나노 
섬유를 세포와 함께 말거나 (Rolling-up), 적층 (Stacking)하는 기술을 
개발하였다. 먼저 롤링업 공정의 경우, 전기방사, 스핀 코팅, 미세 용융 
압출의 3 가지 기법을 융합하여 나노 섬유 기반의 멀티스케일 담체를 
제작하고, 근아세포 (Myoblast)가 배양된 담체를 말아서 실린더 형상의 
3 차원 체외 근육 조직의 제작을 가능하게 하였다. 담체 위에 부착된 
세포들은 정렬된 나노 섬유에 의하여 접촉 유도되어 높은 정렬도를 보였으며, 
이동 및 마는 공정 이후에도 세포의 형상이 유지됨을 알 수 있었다. 
마지막으로, 정렬된 나노 섬유로 이루어진 멤브레인을 이용하여 배양된 세포 
막의 손상 및 세포의 형상 변화 없이 표면으로부터 분리, 전사 및 조작을 
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가능케 하는 기법을 개발하였다. 이를 바탕으로 형성된 세포막의 적층을 
통하여 높은 세포 밀도를 가진 3 차원 체외 조직의 형성이 가능하였고, 
나아가 여러 층의 근아세포가 적층된 체외 조직의 분화를 통하여 근섬유로 
이루어진 3 차원 근육 조직의 형성이 가능하였다. 또한 섬유아세포막과 
혈관세포막의 교차 적층 및 공배양을 통하여 혈관망이 내부에 형성되어 있는 
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In this thesis, we suggested multiscale 2D and 3D fabrication methods for tissue 
engineering applications. In detail, we utilized precisely fabricated nanopatterns through 
capillary force lithography (CFL) as a screening platform for determining effects of 
nanotopography on cellular behavior. In addition, to overcome the limitations of present 
electrospinning methods for adopting tissue engineering field, we have developed new 
methods based on rolling and stacking process of cell-seeded nanofibers for formation of 
cell-dense 3D engineered tissues in vitro. 
Extracellular matrix (ECM) is the nanofibrous environment surrounding cells 
which serve both mechanical and biochemical stimuli and the cells regulate their 
functions such as adhesion, proliferation, migration and differentiation by interaction with 
ECM. Multiscale fabrication methods for mimicking ECM environment in 2D/3D 
scaffold, therefore, have to be established first. For this aim, we developed nanopatterned 
2D platform by using UV-assisted capillary force lithography for investigating 
adipogenic differentiation affected by geometrical variables. We observed that the cell 
 ii
crawling into nanogrooves contributed substantially to an enhanced level of 
differentiation with higher contact guidance, suggesting that cell-to-surface interactions 
would play a role for the adipocyte differentiation.  
To form 3D cell-dense engineered tissue in vitro, further, electrospun nanofibers 
fabricated inclined gap method was used because fabricated nanofibers could be easily 
transferred to other substrates so that they could be adoptable for 3D fabrication processes 
such as rolling and stacking with the cells. First, we reported new 3D fabrication method 
based on rolling of cell-seeded scaffold. It was demonstrated that this hybrid fabrication 
could produce uniaxially aligned nanofiber scaffolds supported by a thin film, allowing 
for stable manipulation with aligned cellular morphology. In addition, we successfully 
formed a cylindrical 3D engineered tissue by rolling up the cell seeded film type scaffold 
around a melt extruded microfiber. As another approach for 3D engineered tissue 
formation, we suggested a simple and versatile method for formation of various cell 
sheets and their layer-by-layer stacking based on electrospun nanofibers. By the 
performance of nanofibers as a role of structural support, the cell sheets on nanofibrous 
membrane could sustain their entire geometry even after detached from culture substrate. 
 iii
In addition, 3D muscle and vascularized skin tissue was achieved by differentiating 
multilayered myocyte sheets or sandwiching endothelial cell sheet between fibroblast 
sheets respectively. Taken together, the experimental results indicated that this method 
provides universal and effective tools for not only stable formation and manipulation of 
the cell sheet structure but also formation of functional 3D engineered tissue. 
Key Words : Extracellular matrix, Micro/nanopatterning, Capillary force lithography, 
Electrospinning, Rolling-up process, Cell sheet engineering, Layer-by-
layer stacking, Adipogenesis, Myogenesis, Vascular network, 3D 
engineered tissue 
 






















Chapter 1. Introduction ············································································ 1 
  
  
Chapter 2. Effect of nanogroove geometry on adipogenic differentiation  
  




 2.2. Materials and methods ···································································· 
 
14 
 2.3. Results and Discussion ···································································· 
 
20 
 2.3.1. Preparation of nanogroove patterns on 18 mm glass coverslip  
 
20 





 2.3.3. Effect of cellular morphology on adipogenic differentiation ·· 
 
29 
 2.3.4. On the role of contact guidance in adipogenic differentiation  
 
36 
 2.4. Summary ························································································· 
 
39 
   
Chapter 3. Hybrid microfabrication of nanofiber-based sheets and rods for 
tissue engineering applications 
  
 3.1. Introduction ····················································································· 
 
40 




 3.3. Results and Discussion ···································································· 
 
54 
 3.3.1. Spin-coating of PCL films ······················································· 
 
54 
 3.3.2. Electrospinning of PCL nanofibers for sheet-type scaffold ····· 
 
59 
 3.3.3. Rolling of PCL nanofibers for rod-type scaffold ····················· 
  
65 
 3.4. Summary ························································································· 
 
70 
   
Chapter 4. Aligned nanofibrous membrane as a versatile tool for cell sheet 
manipulation and cell-dense 3D engineered tissue formation 
  
 4.1. Introduction ····················································································· 
 
71 
 4.2. Materials and methods ······································································ 
 
75 
 4.3. Results and Discussion ···································································· 
 
83 
 4.3.1. Fabrication and analysis of aligned nanofibrous membrane ···· 
 
83 
 4.3.2. Detachment of various types of cell sheet ································ 
 
89 
 4.3.3. Formation of 3D engineered muscle tissue ······························ 
  
93 
 4.3.4. Formation of vascularized 3D engineered skin tissue ·············· 
 
110 
 4.4. Summary ························································································· 
 
120 
   
   
References ·································································································· 122 
  





List of Figures 
 
Figure 1-1. An illustration of the purpose of this thesis. Multiscale 2D and 3D 
fabrication methods were suggested. 
 
Figure 2-1 A schematic diagram for the fabrication of polyurethane acrylate 
(PUA) nanogroove patterns using UV-assisted capillary force 
lithography (CFL). 
 
Figure 2-2 Representative SEM images of various PUA nanogrooves: (A) 400 
nm 1:1, (B) 550 nm 1:1, (C) 800 nm 1:1, (D) 550 nm 1:2, and (E) 
550 nm 1:5 (width : spacing). Scale bars indicate 5 μm. (F) Example 
of large-area fabrication on 18 mm diameter glass coverslip. 
 
Figure 2-3 Microscopic view of Oil Red O stained 3T3-L1 adipocytes on 
various nanogroove patterns after culture of 5 days. 
 
Figure 2-4 Quantitative analysis of relative lipid accumulation obtained by 
image processing for varying groove width with the same spacing 
(A) and varying groove spacing with the same width (B). 
 
Figure 2-5 Relative mRNA levels of several adipogenic marker genes by 
quantitative real-time RT-PCR for the dense nanogroove patterns (A) 
and the nanogrooves of varying spaces (B). The amounts were 
normalized with respect to that on the control sample. 
 
Figure 2-6 Representative SEM images of the 3T3-L1 cells cultured on various 
nanogroove patterns. The cells were observed after culture for 2 days 
(before induction of adipogenesis). Scale bar indicates 20 m. 
 
Figure 2-7 Projected cell spreading areas calculated from the SEM images for 
the dense nanogroove patterns (A) and the nanogrooves of varying 
spaces (B). 
 
Figure 2-8 Quantification of cellular orientation in angular mapping diagrams 
for control and various nanogroove patterns. (n = 40). 
 
 vii
Figure 2-9 Cross-sectional SEM images of the 3T3-L1 cells cultured on various 
nanogroove patterns. Depending on the width and space of 
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and contact guidance along the groove direction. Scale bar indicates 
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Figure 2-10 Fluorescence images of the 3T3-L1 cells immunostained for F-actin. 
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different PCL solution concentrations of 5, 10 and 20 wt%. 
 
Figure 3-3 (A) Thin (left) and thick (right) films were respectively made from 5 
and 20 wt% solutions at a speed of 3000 rpm. The scale bar is 5 mm. 
Optical microscope images of the PCL film surfaces made from (B) 
5 and (C) 20 wt% solutions. (D) The thick film surface (case D) after 
removing bubble defects by heat treatment. The scale bar in B is 50 
μm with the same magnification in C and D. 
 
Figure 3-4 SEM images of the repetitively cropped nanofibers on PCL films: 
(A) 3 transfers and (B) 12 transfers. Angular mapping plots to 
quantify nanofiber alignment: (C) 3 transfers (n=70) and (D) 12 
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integrated with aligned nanofibers. The scale bar is 5 mm. 
 
Figure 3-5 Diffraction interference contrast images (first column) and 
immunofluorescent staining images of cells cultured on flat PCL 
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Figure 4-1 Schematic diagrams of (A) cell sheet detachment and manipulation 
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Figure 4-2 (A) Representative SEM images of nanofibrous membranes with 
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and 181 for TR #1, #3 and #6 respectively). The scale bar indicates 
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Figure 4-3 Representative atomic force microscope images and cross-sectional 
profiles of (A) flat, (B) TR #1, (C) TR #3 and (D) TR #6. Thickness 
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Figure 4-4 (A) Porosity and (B) distribution of distance between nanofibers. 5 
samples for each case were analyzed for porosity analysis and total 
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analysis. 
 
Figure 4-5 A) Photograph of delaminated C2C12 cell sheet cultured on PDMS 
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cellular morphology after delamination. (B) Microscopic images of 
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Figure 4-6 A) Photographs of detached various cell sheets using TR #6 
nanofibrous membrane. (B) immunofluorescent images of 
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Figure 4-7 Representative immunofluorescent images of f-actin cytoskeleton 
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comparison of nucleus elongation between groups, Kruskal-Wallis 
one-way ANOVA on rank test was performed. Asterisk indicates *p 
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Figure 4-9 Figure 4-9. Representative immunofluorescent images of 
differentiated myotubes on nanofibrous membranes with various 
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Figure 4-11 Quantitative analysis of (A) number of myotubes in unit area and (B) 
ratio of mature myotubes with more than 5 nuclei for investigating 
degree of differentiation. . For comparison of groups, Kruskal-Wallis 
one-way ANOVA on rank test was performed. Asterisks indicate *p 
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Kruskal-Wallis one-way ANOVA on rank test was performed. 
Asterisk indicates *p < 0.05. 
 
Figure 4-14 Immunofluorescent images of 3D engineered tissue formed by 
stacking 2 layers of cell sheets in parallel manner. The scale bars 
indicate 100 μm in planar images and 10 μm in cross-sectional 
image. 
 
Figure 4-15 Immunofluorescent images of 3D engineered tissue formed by 
stacking 3 layers of cell sheets in perpendicular manner. The scale 
bars indicate 100 μm in planar images and 10 μm in cross-sectional 
image. 
 
Figure 4-16 Immunofluorescent images of functional 3D engineered tissue 
formed by induction of myogenic differentiation of 2-layered tissue. 
The scale bars indicate 100 μm in planar images and 10 μm in cross-
sectional image. 
Figure 4-17 3D reconstructed image of functional 3D engineered tissue. The 
scale bar indicates 100 μm. 
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Figure 4-18 (A) Schematic illustration of tube formation assay for endothelial 
cell sheet embedded in Matrigel. (B) Time-lapse microscope images 
of transferred endothelial cell sheet. The scale bar indicates 100 μm. 
 
Figure 4-19 (A) Planar and cross-sectional fluorescent images and (B) 3D 
reconstructed image of tube-like structures at day 5. The scale bars 
indicate 100 μm. 
 
Figure 4-20 Immunofluorescent images of HUVEC sheet stacked on HS68 
human fibroblast sheet in parallel manner. The scale bars indicate 50 
μm in planar images and 25 μm in cross-sectional image. 
 
Figure 4-21 3D reconstructed image of HS68-HUVEC tissue construct. The scale 
bar indicates 50 μm. 
 
Figure 4-22 Immunofluorescent images of HS68-HUVEC-HS68 tissue construct 
stacked in parallel manner at day 5. (A) Planar image and (B) 3D 
reconstructed image of vascularized tissue construct. (C) Cross-
sectional image of vascular lumens inside tissue construct. The scale 
bars indicate 50 μm (A, B) and 10 μm (C). 
 
Figure 4-23 Immunofluorescent images of 3T3-HUVEC-3T3 tissue construct 
stacked in parallel manner at (A) day 3 and (B) day 5. Degeneration 
of formed tube-like structures was observed at day 5. The scale bars 
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Chapter 1. Introduction 
 
 
Extracellular matrix (ECM) is collection of extracellular molecules such as 
collagen/elastin nanofibers and proteoglycans. Collagen/elastin nanofibers serve adhesion 
sites for the cells and mechanical stimuli through cell-nanofiber interactions. 
Proteoglycans play a role in storage of biochemicals inside ECM by hydration due to 
their highly negative charged nature. Taken together, the cells receive not only 
mechanical stumuli but also biochemical stimuli as a result of cell-ECM interaction and 
regulate their functions such as proliferation, migration and differentiation [1]. Among 
them, mechanical properties of ECM such as nanotopographical features and matrix 
stiffness have considered as crucial stimuli which allow regulation of cellular functions 
through integrin-mediated mechanotransduction [2, 3]. For this reason, fabrication of 
three-dimensional (3D) scaffolds mimicking nanotopographical features of ECM have 
been considered as a major challenge in field of tissue engineering whose major aim is to 
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repair cellular functions of damaged tissues/organs or to replace them to engineered 
tissues/organs.  
Recent development of nano/micropatterning methods accelerates the researches 
on effect of mechanical stimuli exerted on the cells by nanotopographical features. 
Especially, polymeric material based nanopatterning methods such as electron beam 
lithography, colloidal lithography, nanoimprint lithography and capillary force 
lithography have attracted great attentions because those fabrication methods have 
strengths of tunability of their mechanical properties and high transparency required for 
biological assays. Thus, many researchers have used nanopatterns as a tool for 
investigating effect of nanotopography on cellular functions of diverse cell types such as 
neural cells [4, 5], muscular cells [6, 7], fibroblasts [8] and stem cells [9, 10]. Fabrication 
of 3D structures, however, is still remaining limitation of patterning methods for 
application as a scaffold. Nonetheless, nanopatterns are worthwhile as a platform for 
determining geometrical characteristics of desired scaffold because their strength in 
fabricating nanostructures in a precise manner. 
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In conjunction with nano/micropatterning methods, electrospinning is an another 
representative method in tissue engineering field due to its strengths such as fibrous 
morphology similar with ECM, ease in controlling mechanical and chemical properties of 
nanofibers and capacity for fabricating 3D scaffold composed of random or aligned 
nanofibers. Unlike randomly oriented nanofibrous mesh, however, aligned nanofibers 
cannot sustain 3D structure due to their geometrical constraint so that application of 
electrospinning methods for tissues having uniaxially aligned ECM structures is limited. 
To address this problem, many fabrication methods such as air/insulator gap methods, 
pin/blade based methods, ring based methods, rotating disc/drum based methods and their 
hybrid methods. Among them, air gap methods and hybrid methods have attracted many 
attentions in tissue engineering field because nanofibers fabricated by air gap methods 
can be easily transferred to other substrate and resulting thickness and pore size can be 
controlled by differing number of transfer and fiber density of single transfer. 
In addition, nanofibrous meshes have a critical limitation of cellular infiltration 
which results in different cellular populations according to depth of scaffolds due to their 
small pore size. To address this problem, many researchers suggested various methods for 
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increasing pore size such as sequential electrospinning of micro and nanofibers [11, 12] 
and selective dissolution of water soluble nanofibers from co-electrospun nanofibrous 
meshes [13], but cellular infiltration problem still remaining unsolved. Other approaches 
focusing on making 3D engineered tissues with evenly distributed cell populations have 
also been suggested by repetitive cell seeding and electrospinning on the cultured cell 
layer [14], but entire cellular populations through the engineered tissue are reduced due to 
thickness of the nanofibrous mesh. 
 In this thesis, we suggested various multiscale 2D and 3D fabrication methods 
to overcome described limitations of previous methods (Figure 1-1). We utilized 
precisely fabricated nanopatterns through capillary force lithography (CFL) as a tool for 
investigating cellular behaviors affected by nanotopography. Further, to overcome the 
limitations of present electrospinning methods, we have developed new methods based on 
rolling and stacking process of cell-seeded nanofibers for formation of cell-dense 3D 
engineered tissues in vitro.  
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In chapter 2, we present the effect of nanotopographically defined surfaces on 
adipocyte differentiation using various nanogroove patterns. Parallel nanogroove arrays 
with equal inter-groove distance (400 nm, 550 nm, 800 nm width) and varying distances 
(550 nm width with three different spaces of 550, 1100, and 2750 nm) were fabricated by 
UV-assisted capillary force lithography (CFL) on 18 mm diameter glass coverslips using 
biocompatible polyurethane (PU)-based material. After coating with fibronectin and 
subsequent culture of 3T3-L1 preadipocytes, the degree of adipocyte differentiation was 
determined by Oil Red O staining and adipogenic gene expression. We observed that 
adipocyte differentiation was slightly but substantially affected by culture on various 
nanogrooved surfaces. In particular, the cell crawling into nanogrooves contributed 
substantially to an enhanced level of differentiation with higher contact guidance, 
suggesting that cell-to-surface interactions would play a role for the adipocyte 
differentiation.  
In chapter 3, we have successfully fabricated nanofiber-based scaffold complexes 
of rod and sheet type by combining the three microfabrication techniques of 
electrospinning, spin-coating, and polymer melt deposition. It was demonstrated that this 
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hybrid fabrication could produce uniaxially aligned nanofiber scaffolds supported by a 
thin film, allowing for a mechanically enforced substrate for cell culture as well as facile 
scaffold manipulation. The results of cell analysis indicated that nanofibers on spin-
coated films could provide contact guidance effects on cells and retain them even after 
manipulation. As an application of the cell-laden nanofiber film, we built a rod type 
structure by rolling up the film around a mechanically supporting core microfiber which 
was incorporated by polymer melt deposition. A biocompatible and biodegradable 
polymer, polycaprolactone (PCL), was used throughout the processes and thus could be 
used as a directly implantable substitute in tissue regeneration. 
Finally in chapter 4, we suggested a simple and versatile method for cell sheet 
manipulation and 3D engineered tissue formation in vitro. The technical result was 
achieved by integrating an array of electrospun nanofibers into a polydimethylsiloxane 
(PDMS) assembly containing an opened culture well so that the cultured cells could be 
peeled off with the nanofibers. By the performance of nanofibers as a role of structural 
support, the cell sheet-nanofiber complex could sustain its entire geometry even after 
detached from culture substrate. The nanofibers also allowed the cultured cells to be 
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oriented in the desired direction and this cell orientation was not impaired by the 
detachment regardless of cell types when the quantity of integrated nanofibers was 
offered by the line density of 173 fibers/mm. Compared with conventional methods based 
on poly-N-isopropylacrylamide (PNIPAAm) which is the most widely used 
thermoresponsive polymer, cell sheets generated by suggested method based on 
nanofibers showed almost identical properties and could be used as a building blocks to 
form 3D tissue constructs in vitro by stacking detached cell sheets layer-by-layer. 
Inspired from these results, we performed experiments for forming 3D engineered muscle 
tissue and vascularized skin tissue. As results, longitudinally well-developed myotubes 
were observed through entire muscle tissue and well-organized vascular network was 
formed inside skin tissue by differentiating multilayered myoblast sheets and co-culturing 












Figure 1-1. An illustration of the goal of this thesis. Multiscale 2D and 3D fabrication 












Cellular response is exquisitely sensitive to the surrounding extracellular matrix 
(ECM) with nanoscale topographical features [15-18]. Also, cells contain nanoscale 
physical structures whose size is compatible with embedded ECM, including the 
intracellular organelles such as cytoskeletal elements (e.g., actin filaments and 
microtubules) and adhesive structures (e.g., focal adhesions). It is therefore quite 
reasonable to expect that functioning of many cell types can be regulated in vitro by the 
nanoscale features of the surrounding ECM. 
Most of the previous in vitro studies have examined cells cultured on two-
dimensional flat and rigid surfaces (e.g., Petri dish) despite that most cells in vivo are 
exposed to three-dimensional microenvironments with complex topographical features. In 
order to address some of the limitations, microfabrication and surface-chemistry-based 
approaches have provided a versatile set of tools to control the spatial organization and 
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temporal presentation of cellular cues on a microscale [19, 20]. To better understand the 
mechanism involved in cellular behavior and function in a microenvironment, nanoscale 
topographical features have been incorporated into the in vitro experimental platform to 
mimic various in vivo three-dimensional ECM environments with structural and 
mechanical similarity [16]. Previous experiments with various nanotopographic features 
such as grooves, ridges, pore, wells, and pillar, have shown that nanotopography can 
strongly influence cell morphology, adhesion, proliferation, and gene regulation [17, 21-
24], but the underlying mechanism mediating this cell response still remains unclear. 
Recently, we have shown that nanopatterned surfaces of UV-curable 
polyurethane acrylate (PUA) or polyethylene glycol (PEG) material can be used as a 
structured biomaterials interface to control various cell functions such in neuronal 
differentiation [4, 5], osteogenic differentiation [25], directed cell migration [26, 27], and 
cardiac tissue engineering [6]. The cell culture platform was fabricated by combining UV-
assisted capillary force lithography (CFL) and self-replication as schematically illustrated 
in Figure 2-1. There are a number of advantages with the fabrication method. First, the 
UV-curable PUA and PEG materials provide excellent biocompatibility for many cell 
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types, allowing for a long-term cell culture without modification of cell function. Second, 
the patterned surface can be prepared on a large area, typically larger than 1  1 cm
2
, with 
good uniformity, which is beneficial for various biochemical assays (e.g., Western 
blotting, RT-PCR, etc.). Third, the self-replication characteristic (i.e., replication from 
PUA to PUA material) allows a facile duplication of the PUA replica from positive to 
negative sense (or vice versa), indicating that dot and hole patterns can be prepared from 
the same silicon master [28, 29]. 
By taking advantage of the above benefits, we present here the role of nanoscale 
groove patterns on the adipocyte differentiation. Adipogenesis is referred to as 
differentiation into adipogenic lineage from preadipocytes. Adipocytes play crucial role in 
synthesis and storage of energy source in the form of neutral lipid metabolites. Regulation 
of adipogenesis has been implicated in obesity-related metabolic diseases such as 
hyperlipidemia, hypertension, and type 2 diabetes. Obese animals often exhibit increase 
in fat cell size and/or fat cell numbers. Several anti-obesity and/or anti-diabetic drugs 
such as berberine and thiazolidinediones show beneficial effects through regulating 
adipogenesis [30, 31]. Recently, ex vivo adipocyte differentiation has been intensively 
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studied for self-fat grafting in the part of cosmetic treatment. In this aspect, some core 
technologies to control the process of adipocyte differentiation are needed to be 
established.  
Adipocyte differentiation is a complex process regulated by many transcriptional 
cascades and hormonal stimuli. For example, a certain hormonal change stimulates 
adipogenesis in concert with adipogenic transcription factors including peroxisome 
proliferator-activated receptor  (PPAR) and CCAAT/enhancer-binding proteins [32-36]. 
Moreover, it has been reported that ECM proteins or cytoskeleton proteins are also 
involved in adipocyte differentiation [37, 38]. Therefore, it is likely that the ECM 
nanoscale topography would affect adipogenesis in an in vitro culture platform. Our 
results demonstrate that the adipogenic differentiation can be up-regulated to a certain 
extent by changing the nanogroove geometry. In particular, the pattern spacing is more 
influential than the pattern width such that the largest spacing pattern (width:spacing = 
1:5, width = 550 nm) showed the highest differentiation level. In this case, the cells 
penetrated into the grooves with the actin cytoskeleton being more aligned along the 
grooves, suggesting that cell-to-surface interactions as characterized by contact guidance 
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2.2. Materials and methods 
2.2.1. Preparation of PUA mold 
 The silicon masters having various parallel arrays of nanogrooves were 
prepared by standard photolithography and reactive ion etching. A small amount of UV-
curable PUA precursor (0.1 – 0.5 mL) was drop-dispensed on the silicon master and 
covered with a transparent poly(ethylene terephthalate) (PET) film of 50-μm thickness. 
To cure the resin, the assembly was exposed to UV light ( = 200 ~ 400 nm, dose = 100 
mJ/cm
2
) for 25 s. After UV-curing, the PUA replica was peeled off from the silicon 
master using a sharp tweezer and further exposed to UV light for 10 h for complete 
annihilation of reactive acrylate groups. Glass coverslips that were used as substrate were 
sonicated in acetone for 1 h to remove organic contaminants and then dried with N2 gas.  
 
2.2.2. Fabrication of nanopatterned surfaces 
A similar amount of PUA precursor was drop-dispensed on the 18 mm glass 
coverslip and a PUA mold with engraved nanogrooves was placed carefully to make a 
conformal contact, leaving behind a replica of the PUA mold after UV exposure for a few 
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tens of seconds followed by mold removal. To promote adhesion of the patterned layer, 
the glass coverslip was treated with an adhesion promoter (phosphoric acrylate or acrylic 
acid dissolved in propylene glycol monomethyl ether acetate (PGMEA), 10 vol %). The 
nanopatterned surfaces were treated with oxygen plasma for 1 min to make the surface 
hydrophilic. Then, the fibronectin (1 g/mL) was coated to increase cell adhesions by 
dipping the surface for 1 h. To remove unbound fibronectin, the surface was washed with 
Dulbecco’s phosphate buffered saline (DPBS) for 3 times. Prior to cell culture, the 
fabricated PUA nanopatterns were sterilized by rinsing with ethyl alcohol and D.I. water.  
 
2.2.3. Cell culture 
3T3-L1 preadipocytes were maintained in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% bovine calf serum (BCS). To induce adipocyte 
differentiation, at 2 days post-conflucence, 3T3-L1 cells were incubated with DMEM 
containing 10% fetal bovine serum (FBS), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 
1 M dexamethasone and 1 g/ml insulin for 2 days. Then, the culture medium was replaced 
with DMEM containing 10% FBS and 1 g/ml insulin and the cells were cultured for 
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additional 2 days. In this manner, the culture medium was changed every two days with 
DMEM containing 10% FBS. 
 
2.2.4. Oil Red O staining   
3T3-L1 cells were washed with PBS and fixed for 5 min with 3.7% 
formaldehyde solution. Cells were dehydrated with 100% propylene glycol for 5 min. Oil 
Red O (0.5% in propylene glycol) was incubated with fixed and dehydrated cells for 1 h 
at room temperature. Cells were re-hydrated with 85% propylene glycol for 5 min and 
washed with PBS. The stained fat droplets in the cells were visualized under optical 
microscopy. For statistical significance, each experiment was repeated at least 5 times. 
 
2.2.5. RNA isolation and quantitative real-time PCR (RT-PCR) 
Total RNA was isolated with Iso-RNA lysis reagent (5 PRIME, Hamburg, 
Germany) and subjected to cDNA synthesis using RevertAid M-MuLV reverse 
transcriptase (Fermentas, Glen Burnie, MD, USA). Relative amounts of mRNA were 
measured using the CFX96
TM
 Real-Time System (Bio-Rad Laboratories, Hercules, CA. 
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USA) and calculated by normalization to the level of cyclophilin mRNA. The primer 
sequences used for quantitative real-time PCR analysis were as follows: PPAR-forward 
(f), 5’-GCATGGTGCCTTCGCTGA-3’; PPAR-reverse (r), 5’-TGGCATCTCTGTGT 
CAACCATG-3’; adiponectin-f, 5’-GGCAGGAAAGGAGAACCTGG-3’; Adiponectin-r, 
5’-AGCCTTGTCCTTCTTGAAGAG-3’; aP2-f, 5’-AAG AAGTGGGAGTGGGCTTT-3'; 
aP2-r, 5’-GCTCTTCACCTTCCTGTCGT-3’; FASN-f, 5’-GCCTACACCCAGAGCTAC 
CG-3’; FASN-r, 5’-GCCATGGTACTTGGCCTTG-3’; cyclophilin-f, 5’-CAGACGCCAC 
TGTCGCTTT-3’; cyclophilin-r, 5’-TGTCTTTGGAACTTTGTCTG-3’. The RT-PCR 
experiment was repeated three times.  
 
2.2.6. Scanning electron microscopy (SEM) 
3T3-L1 cells were gently rinsed with DPBS and fixed by 5% glutaraldehyde 
solution in DPBS containing 0.1 M sodium cacodylate and 0.1 M sucrose for 30 min at 4 
C. After the fixation process, the cells were washed with DPBS for 3 times and 
dehydrated by sequentially immersing them in gradient ethanol solutions and 
hexamethyldisilazane (HMDS). The samples were dried in fume hood for 10 h and 
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observed with SEM (S-48000, Hitachi, Japan). 
 
2.2.7. Quantification of lipid droplet accumulation and projected cell area 
 To quantify lipid droplet accumulation and projected cell area, ImageJ software 
(NIH) was used. The images of 3T3-L1 cells stained by Oil Red O were taken for 15 
points for each nanopatterned substrate. With the aid of appropriate image processing, 
stained lipid droplets in the images were highlighted and then the occupied portion of the 
lipid droplets was calculated. The projected cell area was calculated in a similar manner 
from arbitrary selection of the cell boundaries for about 100 cells in each SEM image. 
 
2.2.8. Immunofluorescence staining 
 3T3-L1 cells were washed with PBS for 2 times and fixed with 3.7% 
formaldehyde solution for 15 min. Fixed cells were treated with 0.1% Triton X-100 in 
PBS for 10 min to make cells permeable and then treated with antibody buffer (2% 
bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS) for 30 min to block 
unspecific bindings. After washing 3 times with PBS, the cells were incubated for 1 h 
 19 
with tetramethylrhodamine isothiocyanate (TRITC)-phalloidin solution (1:400 in 
















2.3. Results and Discussion 
2.3.1. Preparation of nanogroove patterns on 18 mm glass coverslip 
As described earlier, the PUA material has been extensively used for cell culture 
due to its several excellent properties such as transparency, tunable surface energy [39] 
and biocompatibility for various cell types [4, 5, 25]. Figure 2-1 shows a schematic 
diagram for the fabrication of nanopatterned substrates using UV-assisted CFL. 
Representative SEM images of the nanopatterns are shown in figure 2-2(A-E). In the 
experiment, five types of nanogroove patterns were used with different width and inter-
groove spacing: (A) 400nm 1:1, (B) 550nm 1:1, (C) 800nm 1:1, (D) 550nm 1:2 and (E) 
550nm 1:5 (width:spacing). Therefore, for equally-spaced dense nanogroove pattern, the 
width varied from 400, 550, to 800 nm. For nanogrooves with varying spaces, the width 
was fixed at 550 nm, while changing the distance from 550 to 2750 nm. For all patterns, 
the pattern height was fixed at 600 nm. As shown in Figure 2-2(A-E), the patterns 
exhibited high structural fidelity over large areas (see Figure 2-2F) showing well-defined 
nanopatterns on 18 mm glass coverslip). To fabricate uniform patterns, it is important to 
remove trapped air from PUA precursor during replication steps. This is because PUA 
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precursor cannot fill the cavity occupied by the air trap. To resolve this problem, the 


















Figure 2-1. A schematic diagram for the fabrication of polyurethane acrylate (PUA) 




Figure 2-2. Representative SEM images of various PUA nanogrooves: (A) 400 nm 1:1, 
(B) 550 nm 1:1, (C) 800 nm 1:1, (D) 550 nm 1:2, and (E) 550 nm 1:5 (width : spacing). 
Scale bars indicate 5 μm. (F) Example of large-area fabrication on 18 mm diameter glass 
coverslip. 
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2.3.2. Quantification of adipogenic differentiation on nanogroove patterns 
To investigate whether nanotopography would influence adipocyte 
differentiation, we cultured 3T3-L1 preadipocytes on the various nanogroove surfaces, 
first for 2 days for confluency and additional 5 days under induction media for 
adipogenesis. Without the induction media, no appreciable differentiation was observed, 
suggesting that the effect of media is crucial for the 3T3-L1 preadipocytes. Prior to cell 
culture, fibronectin was incubated on the surfaces, which turned out to render a uniform 
coating over the topography without notable difference between ridge and bottom regions 
[4, 41]. To measure the level of adipocyte differentiation, Oil Red O staining was 
conducted to stain accumulated intracellular lipid droplets and the results are displayed in 
Figure 2-3(A-F). For the quantification, two different methods were used: direct 
calculation of the portion occupied by lipid droplets through image processing (Figure 2-
4A and B) and quantitative RT-PCR analysis of the expression of key adipocyte marker 
genes including PPARand its target genes which were up-regulated during adipogenesis 
(Figure 2-5).  
We first examined the effect of groove width on the differentiation. As can be 
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seen from the Oil Red O stained images shown in Figure 2-3(A-D) and relative amount of 
lipid accumulation (Figure 2-4A), the differentiation was slightly suppressed compared 
with control (bare PUA surface, Figure 2-3A) when the cells were cultured on the dense 
400 nm and 500 nm 1:1 pattern. In contrast, the differentiation was somewhat enhanced 
on the largest 800 nm 1:1 pattern, but the level of differentiation was marginal. Next, we 
examined the effect of groove spacing (Figure 2-3(D-F)). Additionally, we revealed that 
the level of differentiation was slightly increased with the increase of inter-groove 
spacing from 550 nm 1:1 to 550 nm 1:5 nanogrooves as evidence by the relative amount 
of lipid accumulation (Figure 2-4B). In conjunction with the staining results, a similar 
trend was observed from the quantitative RT-PCR even though the change of marker gene 
expression was not dramatic (Figure 2-5). Here, relative mRNA levels of several 
adipogenic marker genes such as PPAR, adiponectin, aP2, and FASN were measured 










Figure 2-3. Microscopic view of Oil Red O stained 3T3-L1 adipocytes on various 








Figure 2-4. Quantitative analysis of relative lipid accumulation obtained by image 
processing for varying groove width with the same spacing (A) and varying groove 






Figure 2-5. Relative mRNA levels of several adipogenic marker genes by quantitative 
real-time RT-PCR for the dense nanogroove patterns (A) and the nanogrooves of varying 




2.3.3. Effect of cellular morphology on adipogenic differentiation 
Based on the observations thus far, it appears that the adipogenesis is associated 
with the width and spacing of nanogrooves or the geometry of the underlying nanoscale 
features. To link the geometrical change of nanotopography to cell shape, we measured 
apparent cell projected area and detailed cell morphology onto nanogrooves by SEM. 
Representative planar SEM images of the cells cultured for 2 days after plating (i.e., just 
before the induction of adipogenesis) are shown in Figure 2-6(A-F). According to the SEM 
images, the cells were less spread with the increase of groove width for the equally-spaced 
nanogrooves, and with the increase of inter-groove spacing with the same groove width 
(Figure 2-7(A-B)). For the equally-spaced patterns (Figure 2-6(B-D)), the topographical 
guidance along the groove direction was less pronounced except for the 800 nm 1:1 pattern, 
in which a certain degree of cell alignment is apparent. For the various inter-spacing 
patterns, a dramatic change of cellular morphology was observed (Figure 2-6(D-F)). As the 
inter-spacing was increased, the projected cell size became smaller with enhanced contact 
guidance along the groove direction.  
For the quantification, the orientation of cell morphology with respect to the 
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nanogroove direction was plotted in an angular mapping diagram as shown in Figure 2-8. 
It is seen that the orientation slightly became narrower and directional as the pattern size 
was increased from 400 to 800 nm. For the nanogrooves with varying spaces, the contact 
guidance was distinctively enhanced with the increase of the inter-groove spacing from 1:1 
to 1:5. Such enhanced contact guidance resulted in relatively reduced cell spreading areas 
(Figure 2-7(A-B)), which were calculated based on the cell boundaries from the images. 
 To elaborate on the contact guidance of nanogrooves, the cross-sectional images 
of the cells were obtained as shown in Figure 2-9. For this experiment, the nanopatterned 
glass coverslips with dehydrated cells were slightly frozen in a refrigerator (-80°C) for 15 
min. A distinct and notable finding from the figure is that the cells only penetrated into 
the nanogrooves for the largest spacing of 550 nm pattern, in accordance with the 
enhanced contact guidance shown in Figure 2-6F. This suggests that the cell crawling into 
the nanogrooves apparently assists in contact guidance. For the less penetrating dense 
patterns, a careful examination reveals that the cell penetration was slightly increased for 
the 800 nm 1:1 pattern as compared to the other smaller patterns. Therefore, it is 
hypothesized that the contact guidance plays a critical role in regulating the adipocyte 
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Figure 2-6. Representative SEM images of the 3T3-L1 cells cultured on various 
nanogroove patterns. The cells were observed after culture for 2 days (before induction of 





Figure 2-7. Projected cell spreading areas calculated from the SEM images for the dense 





Figure 2-8. Quantification of cellular orientation in angular mapping diagrams for control 





Figure 2-9. Cross-sectional SEM images of the 3T3-L1 cells cultured on various 
nanogroove patterns. Depending on the width and space of nanogrooves, the cells were 
spreading only on the ridge regions or penetrated into the grooves. In the case of the 550 
nm 1:5 pattern, the cells crawled into the spaces and formed tighter cell adhesions and 
contact guidance along the groove direction. Scale bar indicates 1m. 
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2.3.4. On the role of contact guidance in adipogenic differentiation 
The pioneering work by Chen and coworkers revealed that the cell shape can 
dictate the differentiation of mesenchymal stem cells by modulating cytoskeletal tension 
and contractility [20, 42]. They reported that as the degree of cell spreading was increased 
by culturing on large ECM islands, the degree of cytoskeletal tension and contractility was 
enhanced, which resulted in reduced adipogenesis. In this respect, the degree of actin stress 
fiber formation can be used as an index for the cytoskeletal tension and contractility [24]. 
Following the observation by Chen and coworkers, it is expected that the formation of 
actin filaments would be reduced for the larger width or inter-spacing nanogroove patterns.  
To evaluate the degree of cytoskeletal organization, we conducted 
immunofluorescent staining for actin filaments as shown in Figure 2-10(A-D). While some 
alignment was seen for the 800 nm pattern, well-organized and aligned actin fibers were 
mainly observed on the 550 nm 1:5 pattern in contrast with the other dense nanogrooves 
and PUA control. This suggests that a simple nanogroove pattern has ability to down- or 
up-regulate adipocyte differentiation by modulating cell shape and cytoskeletal 
organization. Further, the contact guidance can be used as an indicator to determine the 
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Figure 2-10. Fluorescence images of the 3T3-L1 cells immunostained for F-actin. Well-
organized actin stress fibers were observed for the largest spacing of the 550 nm pattern. 





We have presented the role of ECM nanotopographical features in the form of 
parallel nanogroove arrays on the adipocyte differentiation of 3T3-L1 preadipocytes. Data 
from Oil Red O staining, relative amount of lipid accumulation, and adipogenic marker 
gene expression have implied that the adipogenesis could be modulated by culture on 
various nanogroove patterns with different widths and spaces. In particular, the 
differentiation level was potentially enhanced on the 550 nm 1:5 pattern by 20 % as 
compared to the control without nanopatterns. Such small enhancement might be 
attributed to the dominant effect of the induction media that is needed for the 
differentiation. The SEM measurement has shown that the cell morphology was distinctly 
different on different nanogroove patterns. Surprisingly, the cells penetrated into the 
grooves with better contact guidance only for the 550 nm 1:5 pattern, in good correlation 
with the differentiation level. A cartoon in Figure 2-11 depicts the role of nanogroove 
geometry on adipogenic differentiation observed in this study. Although a detailed study 
elucidating biological mechanisms is required, the present study shows that contact 
guidance, which is closely related to integrin-mediated adhesions, plays a critical role in 
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regulating adipocyte differentiation. Therefore, a simple index for contact guidance might 






















Chapter 3. Hybrid microfabrication of nanofiber-based 




One of the important issues in the tissue engineering field is to provide cultured 
cells with a biocompatible template, or scaffold, which mimics the natural extracellular 
matrix (ECM), to regulate cell functions, such as adhesion, migration, proliferation, and 
differentiation [43-45]. Through the scaffold-based strategies, a wide range of research 
has been conducted to understand the cellular processes controlled by the surrounding 
microstructure as well as to develop scaffolds for practical applications in clinical settings 
[16, 46, 47]. Among many micro- and nano- processing tools for the scaffold fabrication, 
the electrospinning process has offered unique advantages due to its ability to produce 
nanofiber networks that closely simulate the ECM structure, which is a complex network 
with various nanoscale fibrils such as collagen, elastin, fibronectin and laminin [48-51]. 
The ECM mimicry is beneficial for cell activation and characterized by high productivity, 
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simplicity, and material universality in manufacturing the nanofibers.  
Because the electrospinning process is driven by strong electrostatic force from 
high voltage, the as-spun fibers usually form a randomly configured nonwoven matrix. 
Recently, the nanofiber patterning technique has been diversified by modulating its 
configuration from simple random networks to uniaxially aligned form, which in turn can 
generate desired cell morphogenesis. The feasibility of aligned nanofiber scaffolds has 
been demonstrated using various cells such as fibroblasts, myoblasts, neuron cells, and 
mesenchymal stem cells [52-58]. Especially in the case of myoblasts, their native tissue, 
skeletal muscle, has a highly organized anatomical structure that consists of many parallel 
bundles formed by fusion of the myoblasts. It naturally follows a necessity of highly 
oriented nanofiber scaffold that resembles the native muscle architecture. In order to 
achieve the ordered fiber configuration, a variety of methods have been proposed by 
developing specific collecting mechanisms such as rotating cylinder, sharp-edged disk, 
wire-framed drum, near-field working distance, and parallel electrodes [59-63]. 
We previously reported a novel processing technique to acquire the ordered 
nanofiber array scaffold not only with better alignment but also with quantitatively 
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controlled fiber density [64]. The multiple transfers of nanofibers, by which the 
nanotopographic spacing could be modulated, were a favorable feature to demonstrate the 
contact guidance effect of nanofiber pattern. In particular, the well-aligned nanofiber 
pattern with the controlled configuration showed improved biological functions in 
cellular adhesion and morphogenesis [65]. However, the previous nanofiber 
manufacturing methods need to be assisted by some post-processing procedures, allowing 
for facile manipulation of the produced nanofibers. While the random mesh has a number 
of overlapping junctions on the constituent nanofibers, the structural interconnections in 
the aligned mesh are not abundant so that it cannot be handled as an individual entity. The 
sparse connectivity between aligned nanofibers implies that a supportive structure should 
be incorporated to prevent a possible distraction of nanofibers. 
Here, we introduce an effective hybrid fabrication method to build a new kind of 
rod- or sheet-type composite scaffold that consists of a spin-coated polymer film and an 
array of electrospun nanofibers. A series of polycaprolactone (PCL) solutions with diluted 
concentrations were used for fabricating thin films with varying thicknesses from 1.5 to 
35 μm. The polymer films over 20 μm thickness turned out to exhibit favorable stiffness 
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that allowed manipulation with tweezers. By using a relatively thick film as an underlying 
substrate, the mechanically stable scaffold was achieved in combination with the 
transferred electrospun nanofibers. C2C12 myoblasts were cultured to confirm the 
cellular morphogenesis such as cell alignment and elongation, which may be guided by 
the nanofiber configuration. In addition to the sheet-type scaffold, the films with 
thickness less than 10 μm were transformed into a rod-type scaffold by rolling up with the 
cell-fiber complex sheet. To facilitate the rolling manipulation with thin structures, a 
cylindrical core of microscale diameter was thermally extruded through a micro needle 
and deposited at one edge of the nanofiber film. Taken together, some potential obstacles 
associated with handling fragile nano-sized scaffold materials were alleviated by 
employing the microfabricated supportive structures with controllable size. For additional 
manipulations including folding and laminating, the current hybrid scaffolds are fully 
composed of biodegradable polymers, which could potentially meet the needs of tailored 




3.2. Materials and methods 
3.2.1. Spin coating process 
For spin coating solutions, polycaprolactone (PCL, Mw = 80,000 g/mol, 
Aldrich) was dissolved in chloroform (Sigma) at three different concentrations of 5, 10, 
and 20 wt%. As shown in Figure 3-1A, a certain quantity of PCL solution drop was 
deposited on the glass substrate on the spin-coating machine (JD tech) before spin coating 
at different speeds in the range from 1000 to 4000 rpm. The spinning time had no 
significant effect on the film thickness; thus it was fixed at 30 sec. Most of the solvent 
was evaporated while spinning, because chloroform is a highly volatile solvent. To 
remove the possible residue of the solvent in the film, the specimens were kept in a fume 
hood for one hour. The films coated on the glass substrate were incised using a sharp 
blade for thickness measurement. The film thickness was measured by an Alpha step 
surface profiler (Nanospec AFT/200, KLA TENCOR), which was determined by the 




3.2.2. Electrospinning process and nanofiber transfer 
The PCL was also dissolved in the mixture of chloroform (Sigma) and 
dimethylformamide (Junsei) at a volume ratio of 75/25. Here, dielectric properties 
generated from the dimethylformamide enhanced electrospinning capability. The solution 
concentration was chosen to be ~20 wt%, which had been confirmed as a proper 
condition in the previous work [64, 65]. The PCL solution was stored in a syringe 
equipped with a 23-gauge metal needle which was connected to a high voltage DC power 
supply. The syringe module was loaded on a syringe pump and infused at a rate of 1.5 
mL/h. The DC voltage of 15 kV was applied to the solution drop formed at the needle tip. 
The collector for crop of aligned nanofiber was designed as shown in Figure 3-1B. Two 
separate aluminum strips were perpendicularly arranged, and the ejected nanofibers were 
suspended across the air gap between the strips. Due to the repulsive interaction between 
the adjacent nanofibers hanging on the strips, well-aligned nanofibers could be obtained. 
More detailed information about the collecting mechanisms and conditions are described 
in our previous work [64]. The nanofibers were transferred onto the as-prepared PCL film 
via spin-coating. To vary the scaffold line density, which is determined by the number of 
 48 
nanofibers along a unit distance perpendicular to the direction of nanofiber alignment, the 
overlapping transfer was carried out in a repetitive manner. The electrospinning time for 
each transfer was fixed at 1 min, and 3 and 12 transfers were performed respectively for 
low and high density. The resultant nanofiber scaffolds were measured using scanning 
electron microscope (SEM, S-48000, Hitachi). From the SEM images, the fiber alignment 
was analyzed by measuring the angles between the longitudinal and vertical directions of 
the fibers. 
 
3.2.3. Thermal extrusion of core structure for rolled-up scaffold 
The PCL has good formability for thermal processing due to its low melting 
temperature at 60°C. We previously developed a polymer melt deposition system for 
fabricating a three dimensional woodpile shape scaffold that was comprised of a number 
of thermally extruded microfibers [65]. In this approach, the microfiber-shaped structure 
was used not only as a core template to provide a tool for rolling manipulation but also as 
a mechanical support of the overall hybrid architecture. Figure 3-1C illustrates the 
thermal extrusion procedure following the prior processes for nanofiber-patterned film 
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fabrication. The system consists of a thermally conductive metal syringe equipped with a 
micro precision needle, a coil heater surrounding the syringe module, a pneumatic 
dispenser delivering compressed air, and a micro-positioning system driven by step 
motors. When the air pressure was applied to the polymer melts stored in the syringe, the 
microfiber-shaped polymer melts were extruded out through the micro needle. The 
initially molten state microfiber was then deposited onto the pre-processed nanofiber film 
surface, and fused with the film as solidified at ambient conditions. The inner diameter of 
the micro needle was 400 μm and the processing temperature of the coil heater was set up 
at 150°C. The applied pressure and the moving velocity of the micro needle were 
controlled in the range of 550~750 kPa and 0.5~2 mm/sec, respectively. Subsequently, the 
nanofiber film structure, even with cultured cells on its surface, could be easily rolled up 










Figure 3-1. Fabrication process of hybrid nanofiber scaffold: (A) spin coating process to 
fabricate a PCL thin film, (B) electrospinning process to secure aligned nanofibers and 
transfer onto the film, and (C) polymer melt deposition process to place a microfiber core 





3.2.4. Cell culture  
All reagents used in the experiments related to cell culture were purchased from 
Sigma Aldrich, unless otherwise specified. C2C12 mouse myoblasts were purchased from 
ATCC and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, GIBCO) 
supplemented with 20 % fetal bovine serum (FBS, GIBCO) and 1 % penicillin-
streptomycin (PS, GIBCO). Prior to cell seeding, all scaffolds were sterilized for one hour 
under ultraviolet irradiation, treated with oxygen plasma for 1 min, and coated with 
fibronectin of 10 mg/mL for one hour at room temperature. The cells were seeded onto 




 and cultured for two days until 
the cells formed a confluent monolayer. 
 
3.2.5. Immunostaining 
C2C12 cells on the scaffolds were gently washed with PBS and fixed with 
3.7 % formaldehyde solution for 10 min. Fixed cells were washed with PBS three times 
and immersed in antibody buffer (0.1 % Triton X-100 and 2 % bovine serum albumin 
(BSA) in PBS) for 15 min to make the cells permeable and prevent unspecific binding of 
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antibodies. After washing three times with PBS, the cells were then sequentially stained 
with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) solution (1:1000) for nucleus 
and phalloidin-TRITC solution (1:400) for actin cytoskeleton for 40 min each. To prevent 
photobleaching, the cells were embedded with a small amount of ProLong Gold antifade 
reagent (Invitrogen) and observed with fluorescence microscopy (Eclipse Ti, Nikon). 
 
3.2.6. Scanning electron microscopy (SEM) measurement 
The nanofiber film scaffolds with C2C12 cells were rinsed with PBS and rolled 
up using the developed method. The samples were fixed with 5 % glutaraldehyde solution 
supplemented with 0.1 M sodium cacodylate and 0.1 M sucrose for 30 min. For further 
fixation, the samples were treated with 1 % osmium tetroxide solution containing 0.1 M 
sodium cacodylate and 0.1 M sucrose for 1 h. After washing three times with PBS, the 
samples were slowly dehydrated by immersing them in ethanol solutions of increasing 
concentration and hexamethyldisilazane (HMDS, J.T.Baker) to prevent collapse of cell 
morphology. The samples were completely dried in a fume hood overnight and were 
observed using SEM (S-48000, Hitachi). 
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3.2.7. Quantitative analysis 
The images of the C2C12 cells stained with DAPI were taken 5 times for each 
sample and used for analysis. Cell orientation was determined by the angle of long axis of 
nuclei against nanofiber alignment direction. Nucleus elongation was calculated by 
dividing the short axis length over the long axis length. In a similar manner, SEM images 












3.3. Results and discussion 
3.3.1. Spin-coating of PCL films 
Figure 3-1 illustrates the process for fabricating a hybrid scaffold consisting of 
electrospun nanofibers supported on a thin film. The overall scaffolds were made of a 
well-known biodegradable and biocompatible polymer, PCL, which is widely used for 
various biomedical applications. Since it has a low glass transition temperature of -60°C 
and exists in a rubbery state at room temperature, the PCL based structure has better 
mechanical compliance than other biodegradable polymers. This property makes it ideal 
for use as a flexible scaffold material. In this research, we exploited the shape-deformable 
characteristic of PCL by employing and integrating three consecutive microfabrication 
methods of spin-coating, electrospinning and deposition of polymer melt. 
 At first, we fabricated a thin PCL film using the spin coating method with 
variables such as angular speed of spinning and polymer solution concentration. It was 
observed that the increase of spinning duration time beyond 30 sec had no significant 
effect on the film thickness (data not shown) because the solution almost solidified from 
the fast evaporation of chloroform that was used as the solvent. Figure 3-2 shows the 
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correlation between film thickness and spinning speed at three different solution 
concentrations of 5, 10, and 20 wt%. As seen from the figure, the relatively thin films 
made from 5 and 10 wt% solutions displayed less dependency on the spinning speed. The 
variations of film thickness between 1000 and 4000 rpm appeared to be approximately 
15% and 18% in the cases of 5 and 10 wt% solutions, respectively. As the solvent 
evaporation occurred in a very short period of time during the spinning, the film 
thicknesses at lower concentrations were less sensitive to the change of spinning speed 
and thus their standard deviations were very small below 0.3 μm. As with the typical spin 
coating process, thicker films were obtained as the solution concentration became higher. 
In the case of 20 wt% concentration, the thickness of all specimens exceeded 15 m from 
1000 to 4000 rpm, and the thickness at 1000 rpm was two times higher than that at 4000 
rpm, suggesting a significant dependency on the spinning speed. Figure 3-3A shows an 
example of the coated film peeled off from the glass substrate. We found that the film 
thicker than 20 μm was sufficiently rigid to manipulate by any tweezers, which was used 
as a basement substrate for a free standing nanofiber-transferred scaffold. As observed in 
other works [66-68], a certain degree of crystallization was found on the surface of PCL 
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film after spin coating as shown in Figure 3-3B and C. Here, the spherulitic crystals that 
were formed regularly on the entire films are believed to yield good mechanical stability 
and formability. When a thick film was spun from 20 wt% solution, however, some 
defects such as trapped or burst bubbles were frequently observed. To remove such 
defective bubbles, the films were heated on a hot plate above the PCL melting 
temperature (100℃) and held undisturbed for 10 min. After cooling back to room 















Figure 3-2. Relationship between film thickness and spinning speed at three different 








Figure 3-3. (A) Thin (left) and thick (right) films were respectively made from 5 and 20 
wt% solutions at a speed of 3000 rpm. The scale bar is 5 mm. Optical microscope images 
of the PCL film surfaces made from (B) 5 and (C) 20 wt% solutions. (D) The thick film 
surface (case D) after removing bubble defects by heat treatment. The scale bar in B is 50 




3.3.2. Electrospinning of PCL nanofibers for sheet-type scaffold  
Next, nanofiber-microfilm hybrid constructs were generated by multiple 
transfers of nanofibers hanging on the void gap collector (Fig. 3-1B). In this way the 
density of collected nanofibers could be controlled in a quantitative fashion. Figure 3-4A 
and B show the resulting fibers of average densities of 108 and 384 fibers/mm with 3 and 
12 transfers, respectively. Such different densities are expected to yield different contact 
guidance cues in the cell seeding experiments. As for nanofiber orientation in this 
scaffold, the fibers placed on PCL film were quantified by measuring the inclined angles 
with respect to the reference direction. As shown in Figure 3-4C and D, all of the 
transferred fibers were distributed within a narrow range of ±25° and more than 90% of 
the fibers were oriented within ±10° to the reference direction. The fiber alignment was 
nearly reproducible for every single-step electrospinning process, indicating that the 
nanofiber transfer repetition in both cases of 3 and 12 transfers did not significantly 
impair the fiber alignment.  
 Recently, a number of studies on contact guidance have been conducted via 
template-assisted techniques such as electrochemical deposition, soft lithography, and 
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nanoimprinting [69]. Although they provide reproducible construction of nanoscaffolds 
with high precision, the electrospun nanofibers have an advantage in terms of direct 
transplantation in their initial architecture. In order to demonstrate the feasibility of the 
developed nanofiber-based scaffold, C2C12 myoblasts were cultured for two days and 
morphological changes were analyzed from immunofluorescent imaging. We employed 
three types of scaffolds: i) flat film without nanofiber, ii) nanofiber scaffold of low 
density (3 transfers) and iii) that of high density (12 transfers). As shown in Figure 3-5, 
the nuclei and cytoskeletons of cells appeared to align along the unidirectionally oriented 
nanofibers. Also, the nuclei stained with DAPI showed that the nanofibers on film gave 
rise to elongated morphology in the direction along the fiber alignment. In contrast, 
neither the cell alignment nor elongated morphology was shown for the cells cultured on 
a flat PCL film surface without fibers.  
 For quantification, the distribution of aligned cell morphology was analyzed 
using angular mapping plots as shown in Figure 3-6 (A-B). On the scaffolds without 
nanofibers, it is seen that the cell alignment and elongation were hardly observed (Figure 
3-6A and D). On the other hand, the cells grown on nanofiber scaffolds with 3 and 12 
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transfers showed distinct alignment and elongation guided by the nanofibers as shown in 
Figure 3-6 (B-D). As the nanofiber density increased from 108 (3 transfers) to 384 
nanofibers/mm (12 transfers), both morphological changes of alignment and elongation 
became more pronounced. The correlations between fiber density and cell morphology 
were identified in accordance with the previous work [70]. It is noteworthy that a 
nanofiber set of relatively low density also provided the desired morphological changes 
similar to a high-density fiber set, while recognizing that a considerable amount of cells 
were still not affected by the fibers due to the larger fiber spacing. When considering the 
confluent state of cultured cells as shown in Figure 3-5, the cells aligned directly by 
nanofibers seemed to affect the shape of adjacent cells due to tight cell-cell interactions 











Figure 3-4. SEM images of the repetitively cropped nanofibers on PCL films: (A) 3 
transfers and (B) 12 transfers. Angular mapping plots to quantify nanofiber alignment: 
(C) 3 transfers (n=70) and (D) 12 transfers (n=100). (E) Photograph of sheet-type hybrid 








Figure 3-5. Diffraction interference contrast images (first column) and 
immunofluorescent staining images of cells cultured on flat PCL film (first row), 
nanofiber-integrated scaffold with 3 transfers (second row) and 12 transfers (third row). 
DAPI, F-actin and their merged stack are arranged in the second, third, and fourth column, 








Figure 3-6. Angular mapping plots to quantify cell alignments of (A) flat PCL film and 
(B) nanofiber-integrated scaffold with (B) 3 transfers and (C) 12 transfers. (D) Degree of 





3.3.3. Rolling of PCL nanofibers for rod-type scaffold 
One of the crucial factors for an ideal scaffold is to offer a three-dimensional 
(3D) mechanical support for tissue growth. Since electrospun nanofiber structures are too 
subtle to provide the mechanical support for scaffolds, a number of studies have been 
made towards a stiff microstructure so as to overcome the inherent delicacy and two-
dimensional limitation of nanofibers [64, 71-73]. To this end, 3D roll-type nanofiber 
scaffolds are demonstrated here by incorporating a core microfiber structure by polymer 
melt extrusion. Figure 3-7A shows the relation of the extruded microfiber radius versus 
the velocity of needle movement at two different applied air pressures. These results 
imply that the dimension of core structure could be adjusted as shown in Figure 3-7B and 
C, allowing for a simple route to controlling the final size of rolled scaffold. The 
dimensional variation could be further tailored by adopting different sizes of micro 
needles. As mentioned earlier, the microfiber structure was aimed to facilitate the rolling-
up process; it was used to pack the planar nanofiber film around the core microfiber as 
shown in Figure 3-8A and B. For the basement substrate, a thin film made from 10 wt% 
solution yielding a thickness less than 10 μm was used for its enough flexibility to be 
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rolled up.  
The rolling-based manipulation was even possible after culturing cells on the 
nanofiber film. As the region of cell-nanofiber construct on the film could be intact in the 
course of careful handling of microfiber, the cell structures on the nanofiber scaffold were 
not damaged during the rolling procedure as shown in Figure 3-9. Also, the nanofiber-
induced cell alignments in both cases of 3 and 12 transfer scaffolds were not impaired 
(Fig. 3-9(C-F)). The mechanical properties of constituent components, such as nanofiber 
and micro thin film, were fairly compliable and flexible enough to retain their assembly. 
It is worthwhile nothing that the ability to embed cells in a rolled 3D scaffold would be 
beneficial when it is needed to retain the final shape of scaffolds after completing cell 
culture. If the cell culture is carried out on a 3D shape scaffold by simple top-seeding 
method, one would encounter various problems such as difficulties of cell penetration and 
nutrient/waste exchange. In future studies, more detailed cell experiments with handling 
the sheet scaffolds will be performed to determine the potential biofunctional significance 




Figure 3-7. Results of thermally extruded microfibers. (A) Plots of microfiber radius vs. 
needle movement velocity at different applied pressures of 550 and 750 kPa. Optical 
microscopy images of microfibers fabricated by needle movement of (B) 0.5 and (C) 1.5 





Figure 3-8. Photograph of rolling process and (E) SEM image of the resulting roll 






Figure 3-9. (A, B) Schematic diagrams of rolling process with embedding cells on 
nanofiber film scaffold. SEM images of the cultured cells (C, E) before and (E, F) after 
the rolling process. (C, D) 3 transfers and (E, F) 12 transfers of nanofibers were 
respectively performed on the scaffold for cell culture. 
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3.4. Summary 
The present study has introduced our initial effort to utilize nanofiber scaffold in 
practical ways via some physical manipulation such as nanofiber alignment or scaffold 
rolling. Spin-coated PCL films with varied thicknesses enabled nanofiber manipulation 
for the development of sheet-type scaffolds. The film thickness could be modulated by 
adjusting solution concentration rather than spinning speed because of the highly volatile 
property of chloroform used as the solvent. Well-aligned nanofibers were transferred onto 
the film with multiple times (≤ 12), which have proven effective to provide contact 
guidance cues on cultured cells. As expected, the presence of nanofibers yielded 
morphological changes of myoblasts into aligned and elongated shapes. In addition to 
sheet-type scaffolds, we developed rod-shaped roll constructs by exploiting the 
mechanical support of thermally extruded microfiber and the flexibility of nanofiber-film 
complex. The rolling process could be carried out without any appreciable damage to 
cultured cells. These results collectively suggest that the hybrid fabrication method 
presented here has the potential to overcome various obstacles involved in practical uses 
of the nanofibrous scaffold in clinical settings or other tissue engineering applications. 
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Chapter 4. Aligned nanofibrous membrane as a versatile 
tool for cell sheet manipulation and cell-dense 3D 




Current tissue engineering technology has matured with two major techniques, 
namely, the application of premade porous scaffolds seeded with or without cells [74, 75] 
and the direct transplantation of cells with hydrogels [76]. The former, namely scaffold-
based strategy, possesses great advantages for regulation of cellular activity amechanical 
support by virtue of the scaffold micro- and macro- architecture. Although a number of 
biomaterials and processing techniques have been successful for a lot of clinical trials,  
they still have concerns for inflammatory responses caused by physiological and 
mechanical mismatch of the implanted scaffold material with host diseased area.  
As another approach to the cell-based regenerative therapy, cell sheet 
engineering with no use of scaffold, or at least, has attracted much attention. The cell 
sheet engineering aims to harvest confluently cultured cells in an intact sheet-like form 
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without any damage of cell-cell attachment. The thermoresponsive culture surface, 
representatively poly-N-ispropylacrylamide (PNIPAAm), has been exploited for 
dissociation of the cell sheet which is a core procedure in the cell sheet engineering [77]. 
PNIPAAm becomes switchable between hydrophilic and hydrophobic surface at a critical 
temperature of 32℃, thus the cell attachment and detachment from culture substrate can 
be modulated by simple temperature changes. In contrast to enzymatic digestion as a 
usual method for cell dissociation, the cell sheet detachment using thermoresponsive 
polymer substrate allows to preserve not only the cell-to-cell junction but also the 
extracellular matrix (ECM) underlying the cell sheet. Taking advantage of this 
characteristic, PNIPAAm surfaces have been developed in a variety of forms, including 
silicon, tiissue culture polystyrene (TCPS), and polydimethylsiloxane (PDMS) [78-80]. 
Although the cell sheet techniques have been successful for various tissue engineering 
applications, the inherent mechanical instability and delicacy of cell sheets still make it 
difficult to manipulate them for practical transplantation. Furthermore, the preparation of 
such thermoresponsive surface could require labor-consuming tasks and cautious 
optimization of the processing parameters. 
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Some of native tissues, such as skeletal muscle tissue, have a unidirectional 
alignment in their anatomic microstructures. As the anisotropic organization of cell or 
ECM determines the physiological functions of tissues, it is extremely important to 
realize the biomimetic anisotropy in the cell sheets. Recently, a growing number of 
patterning techniques based on the thermoresponsive polymer have been introduced to 
produce the cell alignment in the cell sheets. For instance, Lin et al. presented a 
PNIPAAm-grafted surface based on microtextured PDMS substrate using traditional soft 
lithography [80]. Takahashi et al. showed a PNIPAAm stripe micropattern utilizing site-
specific grafting method with hydrophilic polymer that has a repellent property for cell 
adhesion [81]. In those works, they discussed the shrinkage of detached cell sheets. The 
stresses on the aligned cell sheet caused more shrinkage along the direction of pattern 
alignment. It naturally follows the need for a mechanical support frame to prevent the 
uneven shrinkage in the cell sheets.  
Here we introduce a simple method to build and manipulate cell sheets utilizing 
electrospun nanofibrous membrane as a tool. The nanofibers were integrated with a 
PDMS assembly involving a well for cell culture. After myoblasts were cultured to a 
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confluent state and formed a sheet-like structure, the cell sheet could be detached without 
any damage and contraction of the sheet structure by lifting off the nanofiber sieve. We 
demonstrated the feasibility of this dissociation method by immunofluorescent 
microscopic visualization of the cell morphology and the live/dead cell assay. 
Furthermore, it was observed that the nanofiber configuration optimized by control of 
fiber density could strengthen the structural stability of cell sheet and the nanofiber-
guided cell orientation. Finally, we verified that even ordinary PDMS surface provided 
the same availability for base substrate of cell dissociation as PNIPAAm-grafted surface. 
These characteristics reported in this article would be appropriate for creating more 








4.2. Materials and methods 
4.2.1. Fabrication of aligned nanofibrous membrane 
Figure 4-1A illustrates the overall procedures to fabricate the device for cell 
sheet formation and manipulation. The device was comprised of a set of nanofiber array 
and two PDMS blocks involving a cell culture well in the upper block. The silicon resin 
and the curing agent (Sylgard 184 PDMS kit, Dow Corning, Midland, MI) were mixed at 
10:1 weight ratio. A certain quantity of the PDMS prepolymer mixture was poured over 
petri dish to obtain approximately 2 mm and 5 mm thick slabs, which were used as base 
substrate and well barrier respectively. After curing at 70℃ for 1 h, the PDMS slabs were 
peeled off from the dishes and cut into square-shape blocks with a sharp blade. Hole was 
punched through the each 5 mm thick block for forming the cell culture well.  
Polycaprolactone (PCL, average MW 80000, Sigma) was employed as the 
electrospun nanofiber material. Base solvent was prepared by mixing chloroform (Sigma) 
and N,N-dimethyformamide (DMF, Sigma) at a volume ratio of 75/25. The PCL granules 
were dissolved into the base solvent at a concentration of 20 wt%. The PCL solution was 
electrospun from the system consisting of a 23-gauge needle, a high-voltage power 
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supply and a syringe pump. The applied voltage and the infusion rate were 15 kV and 1.5 
ml/h respectively. We previously reported on the fabrication process to build a well-
aligned nanofiber array [64]. Using two separate metal strips arranged perpendicularly, 
we could obtain well-oriented nanofibers across the strip gap and transfer the nanofibers 
onto any kind of substrate. The more detailed information about the collecting 
mechanisms is described in our previous works [64, 70]. In order to crop the well aligned 
nanofiber, we used the developed electrospinning method and fixed the spinning time at 1 
min. The nanofibers were transferred onto a surface of the punched PDMS block 
prepared in advance. Prior to the nanofiber transfer, the PDMS block surface was treated 
with oxygen plasma for 1 min (0 W, PDC-32G, Harrick Scientific) to enhance the charge-
induced adhesion with positively charged nanofibers. The nanofiber sieves with 
quantitatively controlled fiber densities were fabricated by varying the number of 





4.2.2. Characterization of aligned nanofibrous membrane 
 To investigate fiber diameter and orientation of fabricated nanofibrous 
membranes, samples were observed with scanning electron microscope (SEM, S-48000, 
Hitachi) and analyzed using ImageJ software. For measurement of membrane thickness, 
images of the samples were obtained using atomic force microscope (AFM, Park 
systems) and analyzed using XEI software (Park systems). 
 
4.2.3. Cell culture 
 Murine skeletal muscle cell line (C2C12), mouse embryo fibroblast cell line 
(NIH-3T3) and human foreskin fibroblast cell line (HS68) were purchased from 
American Type Culture Collection (ATCC). Human umbilical vein endothelial cells 
(HUVECs) were purchased from Lonza. The cells except for HUVECs were maintained 
with Dulbecco’s modified eagle medium (DMEM, Gibco) supplemented with 10 % fetal 
bovine serum (FBS, Hyclone) and 1 % penicillin-streptomycin (PS, Hyclone) (growth 
medium, GM) and HUVECs were maintained with EBM-2 medium supplemented with 
EGM-2 bullet kit (endothelial growth medium, EGM, Lonza). 
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To induce myogenic differentiation, the cultured C2C12 cells were shifted to 
DMEM supplemented with 2 % donor equine serum (Hyclone) and 1 % PS 
(differentiation medium, DM) cultured for 7 days with changing DM every other day. 
 
4.2.4. Manipulation and layer-by-layer stacking of detached cell sheets 
 Nanofibrous membrane and base PDMS substrate assemblies were treated with 
oxygen plasma for 1 min to enhance surface hydrophilicity and sterilized with UV light 
for 2 h. Sequentially, the samples were treated with poly-D-lysine solution for enhancing 
initial cell adhesion and washed with 1X phosphate buffered saline (PBS, Hyclone) for 2 




 for C2C12 




 for other cells. After the cells reached confluent state, 
nanofibrous membrane with cell sheet, upper part of assemblies, was carefully detached 
from base PDMS substrate using sharp tweezers and transferred to cell culture dish.  
 Layer by layer stacking procedures were schematically described in figure 4-1B. 
Because aligned nanofibers maintained their morphology by applied tension, removal of 
tension by cutting or detaching from structural frame resulted in loss of nanofiber 
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alignment. In conjunction with nanofibers, detached cell sheets on nanofibrous 
membranes lost their morphology when detached from structural frame. Thus structural 
frame was essential for stable manipulation of detached cell sheet during layer-by-layer 
stacking procedures. Punched PDMS frame, however, was not adaptable for stacking 
process due to its low mechanical property and difficulty of precise fabrication. Thus, we 
used three types of laser-cutted acrylic frame instead of punched PDMS frame used in 
above (i. e. 23 × 23 mm
2
 with 20 × 20 mm
2
 through hole, 26 × 26 mm
2
 with 23 × 23 mm
2
 
through hole and 29 × 29 mm
2
 with 26 × 26 mm
2
 through hole). All of other parameters 
except for frame were identical. Layer-by-layer staking of detached cell sheet was 













Figure 4-1. Schematic diagrams of (A) cell sheet detachment and manipulation using 
nanofibrous membranes and (B) layer-by-layer stacking of detached cell sheets to form 





4.2.5. Tube formation assay 
 Growth factor reduced basement membrane matrix (Matrigel) was purchased 
from BD Biosciences. A small amount of Matrigel was dropped on prechilled glass 
coverslip with PDMS reservoir and then carefully covered with detached endothelial cell 
sheet. Consequently, same amount of Matrigel was dropped on the cell sheet and 
incubated to induce gelation for 30 min. After gelation, the samples were immersed with 
EGM and cultured for 5 days. 
 
4.2.6. Immunostaining 
 For immunostaining, cultured cells at appropriate time point were washed with 
PBS for 3 times and fixed with chilly 4 % paraformaldehyde solution for 15 min at room 
temperature. Fixed cells were permeabilized with 0.2 % Triton-X solution (Sigma) for 15 
min and blocked with blocking solution containing 3 % bovine serum albumin (BSA, 
Sigma) in PBS to prevent non-specific binding of antibodies for 1 h. Then, the samples 
were immersed in antibody solutions and incubated for 1 h. Antibodies used in this study 
are phalloidin-TRITC (1:500, Sigma) for f-actin, 4',6-diamidino-2-phenylindole (DAPI, 
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1:1000, Sigma) for nucleus, anti-arcomeric α-actinin produced in mouse (1:500, Sigma) 
as a primary antibody for myotube, anti-mouse IgG conjugated with Alexa 488 produced 
in goat (1:500, Invitrogen), anti-mouse IgG conjugated with Cy3 produced in goat (1:500, 
Molecular Probes) as a secondary antibody for myotube, and Alexa 488 anti-human 
CD31 antibody conjugated with Alexa 488 (1:200, clone WM59, BioLegend) for platelet 
endothelial cell adhesion molecule-1 (PECAM-1). Immunofluorescent images were taken 
using FluoView FV1000 confocal laser scanning unit with the IX81 inverted microscope 
(Olympus) and EVOS®  FL (Life technologies) fluorescent microscope. To get 3D 
reconstructed images of fabricated engineered tissues, IMARIS software (Bitplane) was 
used. 
 
4.2.7. Quantitative and statistical analysis of the cells 
 The quantification analysis presented in this study such as cellular orientation, 
nucleus elongation, number of myotubes and maturation index were analyzed with 
ImageJ software. For statistical analysis, Kruskal-Wallis one-way ANOVA on rank test 
for comparison of more than three groups were performed using Sigmaplot software. 
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4.3. Results and discussion 
4.3.1. Fabrication and analysis of aligned nanofibrous membrane 
To mimic extracellular matrix environment surrounding muscle cells, 
polycaprolactone (PCL), one of biodegradable polymers was selected due to its properties 
of electrospinning suitability and functional modification [82-84]. To fabricate aligned 
nanofibers, electrospinning based on inclined gap method which enabled transfer of 
nanofibers for nanofiber density control was used. In general, the longer spinning time in 
the electrospinning process, the more increased nanofibers can be collected. However, 
loss in nanofiber alignment was observed at longer collection time. Thus, we controlled 
the density of collected nanofibers by repetitive transfer at a fixed spinning time of 1 min.  
As shown in figure 4-2A, electrospun nanofibers showed ~ 750 nm in diameter 
and increased fiber density (number of nanofibers perpendicular to alignment axis) as 
repeating transfers. A single transfer of nanofibers served the fiber density of 32 
fibers/mm in average. The number of transfer times was increased up to 3 and 6, the 
higher line densities were followed respectively to 79 and 173 fibers/mm in average. In 
addition, distributions of nanofiber orientation shown in figure 4-2B suggest that all of 
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nanofibers were within 25 ˚ to the alignment axis regardless of the number of transfer.  
To investigate thickness of fabricated nanofibrous membranes with various 
nanofiber densities (TR #1, #3 and #6), samples were analyzed by atomic force 
microscope. Through 3D profiles and cross-sectional profiles of the samples shown in 
figure 4-3, thickness of nanofibrous membrane was ~ 750 nm at single nanofibers and ~ 
1.5 μm at points where two nanofibers were overlapped, which is summed value of 
diameters of two nanofibers. Points which were overlapped more than three nanofibers 
were barely observed in low magnification optical images. 
In addition, porosity and distance between nanofibers of nanofibrous membranes 
were analyzed due to demonstration of their potentials as a tool which could serve enough 
spaces for cellular infiltration. Nanofibrous membranes showed very high porosity of 
95.250, 88.229 and 76.214 % for TR #1, #3 and #6 respectively (figure 4-4A). Distance 
between nanofibers distributed in a wide range from 0 μm to several hundreds μm and 
showed average distance of 26.836, 9.684 and 6.465 μm, which values were smaller than 
average diameter of the cells except for TR #1 (figure 4-4B). However, cellular 
infiltration seemed to be possible because there were many points wider than diameter of 
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Figure 4-2. (A) Representative SEM images of nanofibrous membranes with various 
number of transfers (1, 3 and 6 times). (B) Distributions of nanofiber orientation of each 
nanofibrous membranes (n = 142, 182 and 181 for TR #1, #3 and #6 respectively). The 








Figure 4-3. Representative atomic force microscope images and cross-sectional profiles 
of (A) flat, (B) TR #1, (C) TR #3 and (D) TR #6. Thickness of nanofibrous membranes 
was ~ 750 nm which was identical value of single nanofiber except for overlapped points 






Figure 4-4. (A) Porosity and (B) distribution of distance between nanofibers. 5 samples 
for each case were analyzed for porosity analysis and total 200 points of 5 samples for 
each case were measured for distance analysis. 
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4.3.2. Detachment of various types of cell sheet 
 Though PDMS has widely used in biological researches due to its 
biocompatibility, additional chemical/ECM protein treatment is required to compensate 
its poor cell adhesion property. In accordance with previous researches, we observed that 
confluent C2C12 cell layer on PDMS substrate was easily delaminated from the surface 
as a sheet when slight deformation was applied to the substrate (figure 4-5). Inspired from 
this finding, we hypothesized that there may be minimal nanofiber density which enables 
stable manipulation of detached cell sheet with maintenance of induced cellular 
morphology. To verify our hypothesis, we cultured various types of cells including 
myoblasts, fibroblasts and endothelial cells on nanofibrous membranes with different 
densities and detached when they formed confluent cell sheet. Entire procedures of cell 
sheet detachment and manipulation is illustrated in figure 4-1A.  
 As shown in figure 4-6A, all of cell types cultured on TR #6 were successfully 
detached as a sheet without notable defects. In addition, fluorescent images of transferred 
cell sheets except for HUVECs sustained their aligned morphology as before detachment 
(figure 4-6B). In case of HUVECs, the cells seemed to be aligned along nanofibers just 
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after cell seeding, however, morphology of the cells was gradually changed to polygonal 
shape as the cells reached confluent state. Thus transferred endothelial cell sheet also 

















Figure 4-5. (A) Photograph of delaminated C2C12 cell sheet cultured on PDMS substrate. 
Significantly reduction in size was observed due to loss of cellular morphology after 







Figure 4-6. (A) Photographs of detached various cell sheets using TR #6 nanofibrous 
membrane. (B) immunofluorescent images of transferred cell sheets for f-actin 
cytoskeleton, endothelial cell-specific CD31 and DAPI. Morphologies of the cells were 





4.3.3. Formation of 3D engineered muscle tissue 
4.3.3.1. Effect of nanofiber density on morphological change of C2C12 cells 
 To investigate effects on cellular orientation and elongation according to various 
nanofiber densities, we cultured C2C12 myoblasts on various densities of nanofibers and 
analyzed cellular orientation and nucleus elongation from immunofluorescent images. 
Figure 4-7 shows representative fluorescent images for the cells cultured on bare 
PDMS substrate for control and nanofibrous membrane with various densities. The cells 
on bare PDMS substrate showed randomly oriented and round morphology. In contrast, 
the cells on relatively high fiber densities (TR #3 and TR #6) showed highly aligned and 
elongated morphology with well-developed actin stress fiber along nanofiber direction 
but the cells on relatively low fiber density (TR #1) showed intermediate state between 
control and high fiber densities. To verify these findings, we analyzed distributions of 
cellular orientation for all cases and plotted in figure 4-8A together. As expected, the cells 
showed increased alignment ratio (number of highly aligned cells within ± 20˚ / total cell 
number) of 0.361, 0.469, 0.777 and 0.890 for control, TR #1, TR #3 and TR #6 
respectively. 
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Similarly, nuclei of the cells showed more elongated shape and increased 
average nucleus aspect ratio (length of long axis/length of short axis) of 1.520, 1.533, 
1.976 and 2.057 for control, TR #1, TR #3 and TR #6 respectively (figure 4-8B). Notable 
finding was that there were statistical significances of nucleus elongation between control 
group and relatively high nanofiber density groups (TR #3 and TR #6), whereas no 
statistical significance was observed between control group and TR #1 group. These 
results indicate that there is minimal fiber density for inducing sufficient nucleus 












Figure 4-7. Representative immunofluorescent images of f-actin cytoskeleton and 
nucleus for identification of cellular alignment. As increasing of number of transfers, 





Figure 4-8. Results of (A) cellular orientation and (B) nucleus elongation analysis (n = 
200). Enhanced cellular alignment and nucleus elongation were observed as increasing 
nanofiber density. For comparison of nucleus elongation between groups, Kruskal-Wallis 
one-way ANOVA on rank test was performed. Asterisk indicates *p < 0.05. 
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4.3.3.2. Effect of nanofiber density on myogenic differentiation 
 Structural feature of native skeletal muscle tissue is a densely packed bundle of 
uniaxially aligned multinucleate myotubes which play a role in generating uniaxial 
contractile force. Thus, uniaxial alignment and formation of large numbers of myotubes 
in unit area are key issues in muscle tissue engineering. To investigate effect of 
nanofibrous membrane with various nanofiber densities on myogenic differentiation, we 
carried out immunostaining for identifying myotube sturcture, quantification of myotube 
orientation for determining degree of alignment and quantification of number of 
myotubes in unit area and maturation index for determining degree of differentiation.  
Figure 4-9 shows representative images of myotubes on various densities of 
nanofibrous membrane. Similar to alignment tendency of myoblasts, increased alignment 
tendency was observed as increasing nanofiber density. Alignment ratio of the myotubes 
was 0.199, 0.778, 1 and 1 for control, TR #1, TR #3 and TR #6 respectively (figure 4-10). 
Namely, all of the myotubes on intermediate and high nanofiber density were within 20 ˚ 
with respect to axis of nanofiber alignment.  
Average number of myotubes per mm
2
 was 83.4, 120.6, 115.6 and 104.8 and 
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average maturation index (number of myotubes with more than 5 nuclei/total number of 
myotubes) was 0.775, 0.659, 0.818 and 0.810 for control, TR #1, TR #3 and TR #6 
respectively (figure 4-11A and B). Taken together, cellular fusion of the cells on control 
occurred in not only longitudinal but also horizontal direction which resulted in thick but 
less myotube formation. In contrast, long but relatively thin myotubes along nanofibers 
were observed on TR #3 and TR #6, which indicated that longitudinal cellular fusion was 













Figure 4-9. Representative immunofluorescent images of differentiated myotubes on 
nanofibrous membranes with various nanofiber densities. Well-developed multinucleated 
myotubes along nanofiber direction was observed on TR #3 and #6. The scale bar 






Figure 4-10. Distributions of myotube orientations on nanofibrous membranes with 






Figure 4-11. Quantitative analysis of (A) number of myotubes in unit area and (B) ratio 
of mature myotubes with more than 5 nuclei for investigating degree of differentiation. . 
For comparison of groups, Kruskal-Wallis one-way ANOVA on rank test was performed. 
Asterisks indicate *p < 0.05 and **p < 0.01. 
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4.3.3.3. Formation of 3D engineered muscle tissue by LBL stacking 
 As shown in figure 4-12A, detached cell sheets on the membrane with low and 
intermediate nanofiber density (TR #1 and TR #3) were fractured during or after 
detachment. In contrast, detached cell sheets on the membrane with high nanofiber 
density (TR #6) were stably maintained sheet form with high viability (figure 4-12B). 
Success rates of cell sheet detachment were 0 %, 15 % and 100 % in 20 trials for TR #1, 
TR #3 and TR #6 respectively. This result indicated that nanofiber density of TR #6 (173 
fibers/mm) was minimal density for stable cell sheet detachment and manipulation. 
To investigate whether cellular morphology and nucleus elongation maintained 
after transfer, detached cell sheets were transferred to cell culture dish and stabilized for 2 
h then analyzed. From representative fluorescent images of transferred cell sheets shown 
in figure 4-12B and C, aligned actin stress fibers and elongated nucleus were clearly 
observed with high viability. In addition, there was no significant difference between 
distribution of cell orientation at before and after transfer (figure 4-13A). Nucleus 
elongation was slightly decreased from 2.057 to 1.909 after transfer. It might be local 
recovery of nucleus elongation at nanofiber-free area (figure 4-13B). However, decreased 
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value of nucleus elongation after transfer showed no statistical significance compared 
with value of nucleus elongation on TR #3. This result indicated that mechanical stimulus 
exerted on the cells is sustained in similar degree with TR #3. 
Using detached cell sheets as building blocks, 3D engineered tissues were 
successfully fabricated by layer-by-layer stacking. As mentioned above, stacking process 
was achieved by assembling cell sheet with smaller frame to cell sheet with bigger frame. 
Three dimensional engineered tissues with two and three layers of cell sheets stacked in 
parallel and perpendicular manners were shown in figure 4-14 and 4-15. Each cell sheet 
in engineered tissue shows sustained cellular morphology as before detachment. 
Resulting thicknesses were ~ 10 um and ~ 15 um for two and three layers respectively.  
To fabricate functional engineered muscle tissue, samples with two layers of 
myocytes were differentiated for 7 days. Similar with the result of myogenic 
differentiation in 2D, longitudinally well-developed myotubes along nanofibers were 






Figure 4-12. (A) Photographs of detached cell sheets using various nanofibrous 
membranes. Only cell sheet on TR #6 successfully detached from base PDMS substrate. 
Notable morphological changes and damages were not observed through (B) 
immunofluorescent images of f-actin cytoskeleton and viability test. The scale bars 
indicate 1 cm for A and 100 μm for B and C. 
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Figure 4-13. (A) Comparison of cellular orientation distributions between before and 
after detachment. Cellular alignment sustained after detachment. (B) Nucleus elongation 
was slightly decreased after detachment, but sustained the level similar with the cells on 
TR #3 before detachment. For comparison of nucleus elongation between groups, 







Figure 4-14. Immunofluorescent images of 3D engineered tissue formed by stacking 2 
layers of cell sheets in parallel manner. The scale bars indicate 100 μm in planar images 








Figure 4-15. Immunofluorescent images of 3D engineered tissue formed by stacking 3 
layers of cell sheets in perpendicular manner. The scale bars indicate 100 μm in planar 







Figure 4-16. Immunofluorescent images of functional 3D engineered tissue formed by 
induction of myogenic differentiation of 2-layered tissue. The scale bars indicate 100 μm 










Figure 4-17. 3D reconstructed image of functional 3D engineered tissue. The scale bar 





4.3.4. Formation of vascularized 3D engineered skin tissue 
4.3.4.1. Tube formation of endothelial cell sheet embedded in Matrigel 
 In vitro tube formation assay based on Matrigel have been widely used due to 
not only Matrigel itself has a potential of inducing vasculogenesis but also it is 
convenient to screen the effect of various factors [86]. Therefore, detached endothelial 
cell sheet was embedded in Matrigel matrix as shown in figure 4-18A to determine 
whether the endothelial cells maintained their ability of forming vascular networks or not. 
At day 0, embedded endothelial cell sheet maintained their interconnected 
morphology as before detachment. However, local disconnection of cellular junctions and 
formation of tube-like structures were observed at day 1 and well-organized tube-like 
structures were formed over the entire region at day 5 (figure 4-18B). To evaluate 3D 
structure of formed tube-like structures, immunostaining was performed at day 5 and 
analyzed using confocal microscope. Similar with optical microscope images, well-
organized tube-like structures were observed from the fluorescent images and 3D 
reconstructed image shown in figure 4-19A and B. These results indicated that detached 
endothelial cell sheet sustained their ability to form vascular networks. Interestingly, 
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endothelial cells did not penetrate into the gel layers which resulted in restricted 
formation of tube-like structures on nanofibrous membrane (figure 4-19A). These results 
might be related with stiffness of surrounding Matrigel matrix. On soft matrix such as 
Matrigel and low concentration collagen gel, endothelial cells were known to show 
suppressed proliferation and invasion which were essential cellular behaviors for 















Figure 4-18. (A) Schematic illustration of tube formation assay for endothelial cell sheet 
embedded in Matrigel. (B) Time-lapse microscope images of transferred endothelial cell 







Figure 4-19. (A) Planar and cross-sectional fluorescent images and (B) 3D reconstructed 
image of tube-like structures at day 5. The scale bars indicate 100 μm. 
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4.3.4.2. Vascularized 3D engineered skin tissue formation by LBL stacking 
 In this experiments, mouse embryo fibroblast cell line (NIH-3T3) and human 
foreskin fibroblast cell line (HS68) was used as a model cells for making 3D skin tissue 
in vitro. To determine feasibility of stacking different cell sheets, detached endothelial cell 
sheet was stacked on HS68 cell sheet. Fluorescent images shown in figure 4-20 and 
reconstructed 3D image shown in figure 4-21 which were taken 4 h after stacking 
confirmed that stacking process was successfully accomplished without any 
morphological change. To investigate vasculogenic behavior inside 3D engineered skin 
tissue, furthermore, endothelial cell sheet was stacked between two HS68 sheets and two 
NIH-3T3 sheets and entire tissue constructs were cultured for additional 5 days. As 
shown in figure 4-22, sandwiched endothelial cells between HS68 sheets successfully 
formed lumenized vascular networks. These results were well coincident with previous 
research which demonstrated that endothelial lumens could be detectable after culturing 5 
more days after stacking process [90]. In contrast, endothelial cells between NIH-3T3 
sheets formed tube-like structures at day 3 (figure 4-23A), but they cannot sustained their 
structures and degenerated at day 5 (figure 4-23B). Taken together, formation and 
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Figure 4-20. Immunofluorescent images of HUVEC sheet stacked on HS68 human 
fibroblast sheet in parallel manner. The scale bars indicate 50 μm in planar images and 25 










Figure 4-21. 3D reconstructed image of HS68-HUVEC tissue construct. The scale bar 










Figure 4-22. Immunofluorescent images of HS68-HUVEC-HS68 tissue construct stacked 
in parallel manner at day 5. (A) Planar image and (B) 3D reconstructed image of 
vascularized tissue construct. (C) Cross-sectional image of vascular lumens inside tissue 







Figure 4-23. Immunofluorescent images of 3T3-HUVEC-3T3 tissue construct stacked in 
parallel manner at (A) day 3 and (B) day 5. Degeneration of formed tube-like structures 





The major aim of this study was to demonstrate that thin, highly porous and 
aligned nanofibrous membrane could be used as a tool for cell sheet manipulation and 
formation of various cell-dense 3D engineered tissues in vitro.  
Since cell sheet engineering based on PNIPAAm which is one of 
thermoresponsive polymers was suggested by Okano group, cell sheet engineering have 
attracted great attentions as a reliable method for formation of diverse 3D engineered 
tissues such as cardiac, skeletal muscle and skin tissue with vascular network for the 
reasons of simple cell sheet formation by dropping temperature below 20 ˚C, capacity of 
thick cell-dense 3D engineered tissue formation and easy implantation. Compared with 
previous researches, our method suggested in this study is noteworthy as another 
approach which enables cell sheet engineering based on well-known electrospinning 
method without any morphological changes between before and after transfer. In addition, 
because electrospinning method has a potential for fabricating functional nanofibers by 
adopting various growth factors and/or drugs, we expect that enhancement of cellular 
functions and controlled release of loaded drugs could be achieved. 
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 Undoubtedly, because the current experimental method requires frame for 
maintaining tension of nanofibers, effective area is reduced as increasing number of 
stacking. In relation to tensional maintenance, collection problem of 3D engineered 
tissues without any morphological changes for in vitro implantation has to be solved 
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본 학위 논문은 조직공학응용을 위한 멀티스케일의 2 차원 및 3 차원 제작 
기법의 개발을 목적으로 한다. 세부적으로 모세관력 리소그라피 (Capillary 
force lithography, CFL)을 이용해 정밀하게 제작된 멀티스케일 패턴을 분석 
플랫폼으로 이용하여, 세포의 기능 발현 향상을 위한 최적의 패턴 형상을 
탐색하였다. 또한 기존의 전기방사 (Electrospinning) 기법에 기반하여, 
세포가 부착된 나노 섬유를 말거나, 적층하는 새로운 제작 기법을 제시하여 
세포 밀도가 높은 3차원 체외 조직의 형성을 가능하게 하였다. 
세포를 둘러싼 세포외기질 (Extracellular matrix, ECM)은 친수성의 
나노섬유로 이루어진 구조를 가지며, 세포 부착, 증식, 이동, 분화 등의 
다양한 세포 기능의 조절에 필수적인 기계적, 생화학적 자극을 제공하는 
역할을 한다. 따라서, 조직공학에의 적용을 위해서는 세포외기질 환경이 
모사된 2 차원, 3 차원 담체 (Scaffold) 제작 기법의 개발이 선행되어야 한다. 
이를 위하여, 자외선 경화성 재료를 이용한 모세관력 리소그라피를 바탕으로 
나노 구조물에 의한 세포 기능 조절 분석을 위한 2 차원 플랫폼의 제작 
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기술을 개발하고, 그 응용으로 나노 구조물의 기하학적 형상이 
지방세포분화에 미치는 영향을 분석하였다. 그 결과, 세포가 선형 나노 패턴 
사이로 침투하여 높은 접촉 유도 경향을 경우 향상된 분화 정도를 보이는 
것을 확인할 수 있었다. 이는 향상된 세포와 표면간의 상호작용이 지방세포의 
분화에 있어서 중요한 역할을 한다는 것을 의미한다. 
다음으로, 세포외기질 환경을 반영한 세포 밀도가 높은 3 차원 체외조직의 
형성을 위하여, 경사 갭 기법 (Inclined gap method)을 이용하여 제작된 나노 
섬유를 세포와 함께 말거나 (Rolling-up), 적층 (Stacking)하는 기술을 
개발하였다. 먼저 롤링업 공정의 경우, 전기방사, 스핀 코팅, 미세 용융 
압출의 3 가지 기법을 융합하여 나노 섬유 기반의 멀티스케일 담체를 
제작하고, 근아세포 (Myoblast)가 배양된 담체를 말아서 실린더 형상의 
3 차원 체외 근육 조직의 제작을 가능하게 하였다. 담체 위에 부착된 
세포들은 정렬된 나노 섬유에 의하여 접촉 유도되어 높은 정렬도를 보였으며, 
이동 및 마는 공정 이후에도 세포의 형상이 유지됨을 알 수 있었다. 
마지막으로, 정렬된 나노 섬유로 이루어진 멤브레인을 이용하여 배양된 세포 
막의 손상 및 세포의 형상 변화 없이 표면으로부터 분리, 전사 및 조작을 
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가능케 하는 기법을 개발하였다. 이를 바탕으로 형성된 세포막의 적층을 
통하여 높은 세포 밀도를 가진 3 차원 체외 조직의 형성이 가능하였고, 
나아가 여러 층의 근아세포가 적층된 체외 조직의 분화를 통하여 근섬유로 
이루어진 3 차원 근육 조직의 형성이 가능하였다. 또한 섬유아세포막과 
혈관세포막의 교차 적층 및 공배양을 통하여 혈관망이 내부에 형성되어 있는 
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